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Abstract 
Erosion of bedrock-floored channels regulates the evolution of many landscapes, 
and accurate prediction of channel erosion rates is a primary goal of landscape evolution 
modeling. It is hypothesized that bedrock weathering, typically neglected in models of 
bedrock channel evolution, introduces spatial variation in the rock erodibility across the 
geometry of such channels. To test this hypothesis, in situ measurements of rock 
compressive strength were made using a Type N Schmidt hammer in eight channel cross-
sections located in arid, humid, and subalpine environments. Average compressive 
strength decreased 20 - 50% in transects rising 0.5 - 2 m from thalweg to channel margin 
in arid Utah. Average compressive strength decreased 30 - 40% along transects rising 2 – 
5 m from waterline to channel margin in subalpine Colorado. Analyses of the extent of 
chemical weathering was also conducted on two transects using ICP-MS data and four 
indices of weathering. No significant chemical weathering was observed in the subalpine 
channel, and in the arid channel, the most intense weathering was found just above the 
perennial low-flow on the sub-aerially exposed margin. While more intense weathering is 
usually associated with wetter climates, bedrock channels show similar decreases in rock 
strength with height above the channel in arid channels. Finally, the spatial variability of 
rock erodibility is seen to occur at scales much smaller than previously accounted for in 
erosion calculations, and is controlled by a number of factors, including lithology, 
climate, solar exposure, and the availability of water. 
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Introduction 
The incision of rivers into bedrock is a process that takes place on a small area of 
the total earth surface, but is critical in controlling the evolution of topography. Bedrock 
channels are particularly common in mountainous and tectonically uplifting areas where 
channel slopes tend to be steep (Whipple et al., 2000). While the mechanisms of 
conventional bedrock erosion have been well evaluated (e.g., Hancock et al., 1998), the 
factors that control the efficacy and predominance of the various processes are not as well 
understood. This current lack of understanding of bedrock channel erosion has proved to 
be a limitation in the modeling of landscape evolution. Due to the importance of bedrock 
channel incision on the evolution of the rest of landscape, these numerical models 
(LEMs) are dependent upon calculations of bedrock-floored fluvial processes. Therefore, 
there is a need for more information about the rates and processes controlling bedrock 
channel erosion (Bishop, 2007). 
Bedrock channels control the patterns of denudation and rates of landscape 
lowering, because the incision of bedrock channels sets the boundary conditions for 
adjacent hillslope processes (e.g., Whipple, 2004; Burbank et al., 1996). Bedrock-floored 
channels control the boundary conditions of the landscape by: 1) establishing the local 
base level to which the rest of the landscape can erode, 2) transferring changes in base 
level due to climatic and/or tectonic forcing through the rest of the landscape, and 3) 
controlling the rate of landscape response to such perturbations (e.g. Finnegan et al., 
2007; Wobus et al., 2006; Whipple, 2001). Given the importance of bedrock channel 
incision on the landscape and in modeling landscape evolution, it is necessary to evaluate 
more extensively the controlling factors of these processes.  
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Bedrock channel erosion is achieved through a combined affect of processes 
including sediment impact (i.e. abrasion), plucking, and possibly cavitation, and along a 
cross-section of a channel the specific process acting on the bed can vary at any particular 
point. The efficacy of any individual process is dependent on local flow conditions and 
the frequency of flood-stage discharge, which represent the ability of the river to erode 
bedrock (e.g. Hancock et al., 1998). Currently, the predominance of any particular 
process of incision in bedrock channels is thought to be dependent on a complex 
relationship of factors, including river stage, rock hardness, rock structure, sediment load, 
and bed cover (e.g. Whipple, 2004; Hartshorn et al., 2002; Turowski et al., 2008).  
The effects of bedrock degradation on channel erosion due to prior chemical and 
physical weathering has not been extensively studied in the past. The potential of 
weathering to play a major role has been recognized (e.g. Whipple et al., 2000; Whipple, 
2004; Montgomery, 2004; Stock et al., 2005), but few studies have focused on 
recognizing the patterns or degree to which these processes take place in bedrock 
channels. Therefore, based on previous studies which observed a relationship between 
weathering and erosion in bedrock channels (e.g. Montgomery, 2004), this research will 
go further to investigate the patterns and potential for spatially variable erodibility in 
bedrock channel cross-sections caused specifically by chemical and physical weathering 
of the bed. This will be achieved through the development of a combination of field and 
laboratory methods intended to quantify various indices of weathering and to analyze 
how they vary spatially in cross-sections of various channels. 
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Background Information 
 The importance of bedrock channel erosion in the evolution of landscape 
topography has long been recognized in geology (Gilbert, 1877), but it has only been in 
the last two decades that evaluation of the processes and their controlling factors truly 
began to be studied (Whipple, 2004). In contrast, the processes and controls on the 
geometry of alluvial channels are much better understood. Alluvial channels self-adjust 
their geometry to fit a geomorphically-effective flow that is capable of transporting all 
sediment supplied from upstream without eroding or depositing material (Turowski et al., 
2008). In contrast, there is still debate over the proper definition for a bedrock channel, 
and how to distinguish them from mixed-alluvial channels that have reaches of both 
bedrock and alluvium.  
 Many definitions for bedrock channels are based on the level of sediment cover in 
the channel and assume that this physical condition of the channel relates to the processes 
acting in the channel in the long term. Whipple (2004) defined bedrock channels as 
lacking “a continuous cover of alluvial sediments, even at low flow, and exist only where 
transport capacity exceeds sediment flux over the long term.” This presents an issue with 
identifying bedrock channels in the field, because it is hard to determine sediment 
transport in the long-term without adequate data. Additionally, other definitions present 
arbitrary percentages of sediment cover in identifying channels (Tinkler and Wohl, 
1998). Recently, Turowski et al. (2008) published a study re-evaluating these definitions 
and presented a new process-based definition, stating that a bedrock channel is a channel 
that “cannot substantially widen, lower or shift its bed without eroding bedrock.” While 
this definition seems simplistic, it considers the difference in dynamics between bedrock 
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and alluvial channels, rather than the physical characteristics of the channel in time. This 
definition therefore encompasses previously defined mixed bedrock-alluvial channels, as 
field indicators include outcrops in the channel, thin or discontinuous alluvial cover, 
and/or steep bedrock walls on at least one side of the channel (Turowski et al., 2008). 
This study will utilize the Turowski definition in the identification of bedrock channels, 
as it recognizes the importance of erosional processes acting in the channel.  
Hancock et al. (1998) showed that bedrock channels erode by a combination of 
plucking, abrasion and possibly cavitation, and that the efficacy of these processes is 
dependent on very localized flow conditions. Therefore, point erosion rates vary spatially 
and temporally in the channel and the processes vary at scales much smaller than the 
cross-section of the channel (Hancock et al., 1998). The predominance of any process has 
been shown to be controlled by a complex array of factors including river stage, rock 
hardness, rock structure, sediment load, and bed cover (Whipple, 2004; Hartshorn et al., 
2002; Turowski et al., 2008) While degradation of rock due to chemical and physical 
weathering has been recognized among the factors controlling bedrock erosion, its role 
and efficacy in bedrock channel erosion is still mostly unknown (Whipple, 2004). Despite 
the pinpoint-scale variations and complex array of factors recognized in bedrock channel 
incision, erosion rates are often estimated using the stream power (or shear stress) erosion 
rule for reach-scale, long-term rates (Whipple et al., 2000):  
  
€ 
E = KAmS n            (1) 
where E is the rock erosion rate, A is drainage area, S is channel slope, m and n are 
positive constants, and K incorporates bedrock resistance, channel geometry, and 
sediment load. The variables of m and n vary with the process, the measure of erosive 
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power (shear stress or stream power), and channel geometry (Whipple et al., 2000). The 
limitations of this calculation become apparent when considering the point-scale of 
erosional processes in the channel, and will not reflect the dynamic factors controlling 
erosion at the cross-sectional scale, such as weathering.  
 Another problem with the steam power (shear-stress) erosion law  (Eq. 1) is that 
the value of K is not a simply calculated variable, and cannot be measured in the field.  
This is because the bedrock resistance is, not surprisingly, a function of a large array of 
other variables, and will vary both spatially and temporally throughout the channel as 
conditions change (e.g., climate, weathering). Since erosion rates vary across a channel 
cross-section, K must vary at individual points in the channel, because drainage area and 
slope do not vary within a given cross-section of the channel (Hancock et al., 1998). 
 Due to the complexity of these erosive processes, a new focus in bedrock channel 
erosion studies in the last few years has been in modeling the cross-sectional erosion 
profiles through time. Recent work has illuminated the potential importance of uplift, 
sediment cover, sediment load and geometry as mechanisms in affecting the erosion rates 
and geometry of bedrock channels (e.g. Turowski et al., 2007; Wobus et al., 2006). 
However, these physics-based models lack any component allowing for the bedrock 
resistance to vary across the channel cross-section, and erosion is mostly controlled by 
channel flow dynamics. This simplification of channel processes does not account for 
observed spatial variations of erosion in real-world bedrock channels.  
It has been suggested that in most bedrock channels the major erosive events are 
rare and the processes that act to erode them are inactive a majority of the time  
(Turowski et al., 2008). While major erosion is observed after large floods, Hartshorn et 
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al. (2002) showed from field measurements that bedrock channel lowering is likely 
driven by the perennial low flow, and that the large flows may actually work 
predominantly to erode channel walls, acting to widen the channels. It was postulated that 
the distribution of sediment, particularly large clasts, during these flood-level flows 
caused these patterns for erosion. However, the long periods of time between major 
erosive events on channel margins presents the potential for sub-aerial weathering to play 
a major role in this spatial variability of erosion in bedrock channels (Figure 1).  
Stock et al. (2005) found that erosion rates were more than two orders of 
magnitude greater than long-term rates when rock was exposed to cyclical wetting and 
drying in bedrock channels. The rates and degree to which sub-aerial weathering 
promotes rapid erosion depends on a number of factors, including substrate lithology and 
climatic conditions. Substrate lithology and rock structures, such as jointing, have been 
shown to control the overall compressive strength and ability of the water to penetrate 
and interact with the rock in the subsurface 
(Whipple, 2004). Lithology may also play 
a role because weak sedimentary rocks has 
been observed to experience rapid sub-
aerial weathering at the channel margins 
and greater rock competence within the 
wetted channel (Montgomery, 2004), 
likely due to the susceptibility of clays in 
sedimentary rocks to expand, and for 
cements and carbonates to experience dissolution from the rock (Whipple, 2004).   
Figure 1. A conceptual model of erosion 
rate through time considering weathering 
processes. The difference in rate of erosion 
between channel center (dashed) and margin 
(solid) is shown.  Weathering allows 
channel margins to erode rapidly during 
brief high flow events, while erosion in the 
channel center is more constant. 
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Environmental and climatic conditions play a role in the degree of weathering, 
and studies have shown that more intense weathering profiles in rock are often associated 
with wetter climates (Nesbitt and Young, 1982). This is consistent with observations 
made by Montgomery (2004) on weathering rind developments in bedrock channels in 
Washington state, where rates of rind development were on the scale of centimeters per 
year. This study also argued that in arid regions, such as the American Southwest, even 
large rivers have minimal ability to erode intact bedrock due to the absence of sub-aerial 
weathering. This lack of weathering is also linked with deeply entrenched vertical walls 
in these bedrock channels. Finally, if wetting-drying and freeze-thaw cycles are major 
processes of sub-aerial weathering of the bedrock channels, environmental conditions 
will be a major control on weathering in the channel (Whipple, 2004). The absolute 
values of extreme temperatures and stream flow height will be important, but the efficacy 
of wetting-drying cycles would also rely on the frequency at which the local stream 
conditions cycled through extremes on both a seasonal and diurnal time scale. 
 The work done by Montgomery (2004) was mostly an observational field study 
measuring weathering rinds and erosion rates with erosion pins. The rinds measured on 
the bedrock were correlated with annual incision rates. Weathering was concluded to be a 
major process controlling local erosion rates of the bedrock exposed above the low-flow 
height of the channel. This presents a case for differential processes of erosion above and 
below the low-flow perennial height of flow in the channel (Figure 2). Montgomery 
(2004) suggests that beneath the height of this flow in the channel conventional processes 
(such as those presented by Hancock et al. (1998)) are eroding the bed, while above the 
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Figure 2. Conceptual block diagram of sub-aerial weathering on channel margins, assuming a 
transport limited system. The degree of weathering of the bedrock is represented by the shades of 
grey. A) Initial geometry at perennial low-flow; B) A high flow event; C) Periods of low-flow results 
in sub-aerial weathering of margins; D) Small flow event strips lower margins of weathered material; 
E) Sub-aerial weathering continues. Above height of previous flow event, material is now 
moderately weathered; F) Moderately high flow event strips most of channel margins of weathered 
material; G) Resulting spatially variable weathering on margins, with the highest points of margins 
being the most weathered; H) High flow event strips margins of all weathered material; I) Continued 
sub-aerial weathering between flow events will result in broader channel geometry due to higher 
rates of erosion on margins during high flow events, with still some amount of vertical incision. 
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flow, the processes of weathering are controlling the rates and degree of erosion 
(Montgomery, 2004). These spatial variations in weathering processes across channel 
cross-sections will therefore affect the patterns of erosion and the geometry of bedrock 
channels.  
From previous work done on bedrock channels, it seems that weathering within 
the channel could be an important factor in the development of spatial erosion patterns, 
and the degree to which it plays a role will be controlled by the local variations in 
channel flow, climate, and the substrate lithology in the channel. However, no previous 
studies have attempted to quantify the extent and patterns of physical and chemical 
weathering across channel cross-sections. Therefore, this study aims to identify spatially 
variable patterns of erosion in bedrock channels produced by weathering, under the 
following hypotheses:  
1. The compressive strength of the rock will decrease as a function of height above the 
perennial-low flow height, as it is sub-aerially exposed for greater periods of time. 
In locations where conditions are favorable for higher degrees of weathering, the 
rock strength will decrease due to the weathering on the margins of the channel, 
which are less frequently inundated and eroded by stream flow. The physical 
character of the rock will also become more variable with height because conditions 
are less consistent as those experiencing more frequent erosion. 
2. The degree of chemical weathering in the channel will increase as a function of 
height above the thalweg, or perennial-low flow height. Chemical weathering due to 
sub-aerial exposure will be most prominent in bedrock channels located in humid 
climates where there is adequate moisture to drive chemical weathering processes. 
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Methods 
Field Sites 
Considering the role of climate on the extent of weathering, the locations for the 
field sites were selected in three different hydro-climatic regions: Colorado, Utah and 
Virginia (Figure 3). Greg Hancock and Eric Small had previously identified a number of 
Figure 3. Shaded relief map of Colorado, Utah and Virginia with field locations 
annotated by numbers: 1) Crystal River Transect 2 and 3 are located south of Redstone, 
CO; 2) Crystal River Transect 1 is located between Crystal and Marble, CO; The Crystal 
River flows through an alpine region of the Elk Mountain Range. 3) Onion Creek is 
located in Fisher Valley, just NE of Moab, UT; 4) West Coyote Creek is located just 
south of La Sal Junction, UT; 5) Buffalo River transect is located just west of Murat, VA; 
6) Bottom Creek transect located in the Bottom Creek Gorge Nature Conservancy 
Preserve just north of Copper Hill, VA. 
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potential reaches of various creeks and rivers, based on familiarity of the region. The 
criteria for making selections of channel cross-sections was established prior to going 
into the field and included: 1) accessibility, due to the use of larger machinery for drilling 
cores; 2) well-formed cross-sections with extensive bedrock exposure; 3) contrasting rock 
types along a reach; and 4) proximity to a gaging station. However, once in the field, 
selections were made largely based on the first two criteria. This was due to a lack of 
gaging stations in many of the smaller creeks identified and a predominance of bedrock 
reaches that were in only a single, extensively exposed rock type. Accessibility also 
proved to be a dominant issue with selection, because of the larger drilling and survey 
equipment.  
Final field locations represented bedrock channels in three hydro-climates and in 
varying lithologies. The first hydro-climatic sampled was in the humid region of Virginia, 
where perennial flows were non-snowmelt dominated. Transects were sampled at Buffalo 
River and Bottom Creek. Buffalo River was sampled just west of Murat, VA along 
Collierstown Rd (Figure 3 pt. 5). Transects were laid out along a reach of limestone on 
river left. The limestone is part of the Beekmanstown Group (Virginia Division of 
Mineral Resources, 1993). No survey was collected here, but rebound values were 
measured and cores were drilled. The margin had a fairly low slope and plants covered 
areas of the 3 transects (Figure 4). An interesting feature noted here was the development 
of a taphoni-like texture observed only near the waterline. The other site in Virginia was 
Bottom Creek and was sampled along an exposed wall on river left (Figure 3 pt. 6).  The 
bedrock here is Cambrian quartzite of the Chilhowee group, although Bottom Creek cuts 
through multiple lithologies in this area (Virginia Division of Mineral Resources, 1993). 
  17 
Located in the Bottom Creek 
Gorge Natural Conservancy 
Preserve, this reach of the creek 
was accessed from Knight Trail. 
Cores were not drilled here due to 
regulations in the preserve, and the 
distance from a road limited the 
ability to bring in survey 
equipment. 
Later fieldwork was done in Colorado and Utah. The sites in western Colorado 
represented a more humid subalpine environment, where perennial flows were snowmelt 
dominated, and all transects were sampled along Crystal River. Transect 1 is located east 
of the town of Marble along a jeep road (County Rd 3), approximately two kilometers 
upstream of Lizard Lake (Figure 3, pt. 2). This site was at an elevation of approximately 
2600 meters, and flowed through an igneous intrusion of granite (Gaskill and Godwin, 
1966) (Figure 5D). The second and third transects along Crystal River were sampled 
approximately 20 kilometers downstream of the first, at an elevation of 2250 meters, and 
were about 5 kilometers south of the town of Redstone (Figure 3, pt. 1). Transect 2 was 
on a small face of the margin oriented downstream, and was just five meters downstream 
of transect 3. The third transect was on a stream parallel margin, and both were in 
Cretaceous Dakota Sandstone (Ellis and Freeman, 1984) (Figure 5E, 5F).  
 To contrast the previous transects, the final three were selected in an arid climate 
near Moab, Utah. Onion Creek is a tributary of the Colorado River, and is about 40  
Figure 4. Transects from Buffalo River shown laid out 
in the stream parallel method. Represents limestone 
lithology and there is significant vegetation. 
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Figure 5. Photos of transects from field sites in Utah and Colorado. Transects are marked by white 
dashed lines. Utah transects make up the left-hand column, and Colorado transects make up the 
right-hand column. A) Onion Creek T1; B) Onion Creek T2; C) West Coyote Creek; D) Crystal 
River T1; E) Crystal River T2; F) Crystal River T2 and T3 showing proximity and orientation of 
faces relative to the stream flow.  
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Table 1. Sampling Site Information by Transect 
Transect Hydrologic Unit Hydro-Climate Lat & Long Sampling Methods 
CRT1 Crystal River Subalpine, Snowmelt 39.0601, -107.140 survey, SH, cores, ICP, pH 
CRT2, T3 Crystal River Subalpine, Snowmelt 39.1419, -107.259 survey, SH 
OCT1 Onion Creek Arid, Spring fed 38.7062, -109.304 survey, SH, cores, pH 
OCT2 Onion Creek Arid, Spring fed 38.7068, -109.308 survey, SH, cores, ICP, pH 
WCCT1 W. Coyote Creek Arid 38.3039, -109.391 survey, SH, Cores 
BOTTOM Bottom Creek Humid, non-snowmelt 37.1252, -80.1807 SH 
BUFFALO Buffalo River Humid, non-snowmelt 37.7535, -79.5415 SH, cores, pH 
 
kilometers east of Moab, near Fisher Towers (Figure 3, pt. 3). Onion Creek is located on 
a salt diapir that may still be actively uplifting, and salt can be seen at the surface, 
crystallized along the channel margins. The creek would likely be ephemeral in this 
climate, but is fed year-round by the sulfur-rich Stinking Spring (McCalla, 2008). Onion 
Creek transect 2 is approximately half a kilometer downstream of transect 1 (Figure 5A, 
5B). This whole section of the creek cuts through the Permian Cutler Formation at an 
elevation of 1400 meters (Doelling, 2002). The second transect was along a reach of 
Onion Creek confined by steep canyon walls, while the first was in an exposed open 
reach of the stream (Appendix B). The final site in an arid climate was the West Coyote 
Creek transect 1. This transect was located a kilometer south of the town of La Sal 
Junction, Utah along Looking Glass Road, at an elevation of 1800 meters (Figure 3, pt. 
4). West Coyote Creek is a tributary feeding into the Colorado River and represented an 
exposure of Lower Jurassic Navajo Sandstone (Doelling, 2004). The white bedrock is a 
fine-grained, well-sorted, mature sandstone, and was nearly purely quartz. While in an 
arid climate, the creek was still flowing with a very low discharge in August (Figure 5C).  
Transect Methods 
At each cross-section, linear transects were laid out using a tape measure for the 
purpose of delineating where survey data and Schmidt hammer measurements were to be 
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taken. The method for lying out 
transects was adjusted between 
trips to the field (Figure 6). The 
original method called for laying 
out 20 m transects parallel to the 
waterline at equal interval heights 
above the channel. The number of 
transects would depend on the 
accessible height of the channel, 
and ranged from 3-5. The earlier 
method was reconsidered because it lacked both random point sampling and a dense data 
set with respect to height. Revised field methods called for lying out transects 
perpendicular to the channel flow. The conditions of the stream flow dictated whether 
transects started at the base of the thalweg or at the edge of active channel flow.  They 
then extended to the margin of bedrock exposure or to the highest accessible point. A 
survey of the channel cross-section was made along the transects using a laser total 
station. This survey provided information for the analysis of the relationships between 
weathering and spatial orientation in the channel. 
Schmidt Hammer 
Using an electronic Type N SilverSchmidt hammer, compressive strength 
measurements were made in situ at each transect as a modification of the Selby (1980) 
rock mass strength classification. A Schmidt hammer works by measuring the distance of 
rebound of a controlled, spring-loaded mass that is impacted against a rock surface. The 
Figure 6. A limestone bedrock channel wall showing 
examples of the initial stream-parallel multiple transect 
method (red), and the revised method of laying out only 
a single stream-perpendicular transect (green). 
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rebound of the spring-loaded mass is a measure of the compressive strength of the rock 
because it is related to the mechanical strength and elastic recovery of the surface on 
which it impacts. The modified Selby classification utilizes these compressive strength 
measurements as a qualitative scale of weathering. Weathering has a major influence on 
the properties of the rock and can cause a significant increase in the porosity and decrease 
in strength (Selby, 1980). The use of the Schmidt hammer has its strengths and 
weaknesses as a proxy for the extent of weathering. A major strength is its small size and 
weight for use in fieldwork, and that a large number of measurements can be made on a 
variety of rock types relatively quickly (Figure 7). However, the hammer can be very 
sensitive to discontinuities in the rock and is therefore not useful on closely foliated or 
laminated rocks. Results can also sensitive to the proximity to joints or edges (Selby, 
1980). While the Schmidt hammer is not a perfect instrument, it has been used in a 
number of studies of 
geomorphology and analysis of 
intact rock properties.  
 Some studies using 
Schmidt hammer measurements 
have tried to determine what rock 
properties or conditions can cause 
significant influences on readings. 
Rebound values have been shown 
to significantly decrease with 
increasing porosity of the rock, 
Figure 7. Greg Hancock shown taking Schmidt 
Hammer rebound readings along Crystal River 
transect 2. The measurements were made 
perpendicular to the bedrock surface. 
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which can be altered by weathering processes (Sabatakakis et al., 2008). High moisture 
content in the rock has also been shown to cause a trend of decreasing rebound values. 
The moisture effect however was shown to be heavily dependent on the lithology and 
properties of the rock, such as lithology, with more porous sandstones being the most 
susceptible (Sumner and Nel, 2002).  
 Schmidt hammer data has also been used in larger scale studies trying to 
understand the morphology of river valleys and canyons, under the assumption that rock 
strength is a major control on geomorphic processes. Lower rebound values showed 
relationships with both the increased width of the valleys, and with the orientation of the 
valley walls relative to solar radiation. A suggested process to explain the latter 
observation was the diurnal heating and cooling of rock faces, which can cause the 
development of thermal gradients in the rock (Lifton et al., 2009). The susceptibility, 
particularly of sedimentary rocks, to such processes of mechanical weathering has been 
shown to correspond to low compressive strength. This is because of the close link 
between compressive strength and tensile strength of rocks. The extent of deterioration 
by mechanical weathering is dependent on lithology, regardless of process (e.g. freeze-
thaw, wetting-drying, salt-weathering or slaking), as this controls the inherent rock 
strength (Nicholson and Nicholson, 2000).  
The Schmidt hammer is a well-studied piece of equipment in geomorphology and 
has been proven useful in making qualitative assessments of weathering. Therefore in this 
study, an electronic Schmidt hammer was used in order to provide more accurate 
readings of rebound values. At each transect, measurements were made at a constant 
interval, usually 10 centimeters measured on the tape measure. In order to ensure 
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randomness of the measurements Schmidt hammer measurements were taken in 
alternating directions perpendicular from the transect at randomly selected distances 
between 0-0.5 meters. This was done to avoid preferential selection of points for 
measurement. Finally, all points were measured perpendicular to the face of the bedrock 
and when possible each point was marked with a dot using a permanent marker. 
Core Methods 
 Where access allowed, bedrock cores were drilled to a depth of no more than 15 
cm using a modified Stihl chainsaw and a 1” diameter diamond-impregnated bit (Figure 
8). Cores were drilled at points of varying heights above the thalweg of the channel. Due 
to inherent weaknesses in the rock and the rough nature of the core drill, cores often 
broke into a few pieces, but careful collection kept them in proper order and orientation. 
The core surfaces were then carefully labeled 
with numbers based on depth below surface, 
and they were placed in one-inch diameter 
centrifuge tubes and labeled based on location. 
 The cores were drilled with the intention 
of making assessments of chemical weathering 
with respect to depth and location along the 
transect. In order to measure differences with 
depth, the cores were sliced into segments with 
respect to depth. The cores were all first 
individually photographed to keep a record of 
any characteristics of the core for later reference 
Figure 8. Photo of drilling at point 30 
on Crystal River Transect 1. Cores 
were all drilled perpendicular to the 
bedrock surface.  
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or comparison (Figure 9; Appendix A). 
Once photographed, the cores were 
laid out, measured and marked at 
intervals of approximately one 
centimeter with respect to depth for 
cutting. Fractures in the cores from the 
drilling process often affected the 
exact location/thickness of segments. 
However, if breaks were ever at significant angles not parallel to the surface of the core, 
the cores were sliced in larger segments to keep the sections above and below the break 
within the same segment. This was done to contain any areas of potentially enhanced 
weathering associated with planes of weakness within a single segment for bulk 
chemistry analysis. The cores were cut using a standard wet tile saw. 
 The segmented cores were also measured for calculations of bulk density. To 
ensure a dry mass measurement of the rock, the segmented cores were all placed in an 
oven at 110°C for a period of 24 hours. The mass was then measured to the tenth of a 
gram using an electronic scale. Volume was measured by using a 100 ml graduated 
cylinder, which was filled with 80 ml of de-ionized (DI) water. The segmented cores 
were dropped into the graduated cylinder and the change in volume was measured 
quickly to prevent the uptake of water in the pore spaces of the rock before an accurate 
reading could be made. This was not an issue in the harder, less-porous rocks, such as the 
granite, but in some of the sandstones, tiny bubbles were observed rising from the rock. 
As a test, volume was observed to decrease by as much as 0.5 milliliters (or ~20% of its 
Figure 9. Photo of pre-cut core from Crystal River 
T1. Cores were often fractured at multiple places at 
depth beneath surface due to the drilling process. 
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volume) due to the uptake of water in one sandstone segment. The measurements of mass 
and volume for each segment were then used to calculate bulk density. 
 The core segments were then re-dried in the oven for 12 hours to prevent 
complications related to putting wet material in the crushing machinery. Each core 
segment was crushed into smaller pieces, none larger than 0.5 cm in its longest axis, 
using a BICO Chipmunk Jaw Crusher. Due to the sensitive differences in chemistry of 
the rocks, a number of steps were taken to clean the equipment between processing each 
core segment. The metal collection tray and the two crushing plates were all brushed 
clean with a hard wire brush, followed by a soft bristle brush. All of the surfaces were 
then wiped with acetone using a Kimwipe, and then wiped dry using another Kimwipe. 
This crushing step was necessary to prepare the samples for the powdering mill. 
 Powdering of core segments was done using a SPEX Mixer/Mill and a hardened 
steel vial. Two steel balls of ½” diameter were placed in the vial with the crushed sample 
and run for 5 minutes. Once the samples were powdered they were transferred to a 15 ml 
centrifuge tube using a metal spatula and appropriately labeled. The two steel balls, the 
vial, and the spatula were then all cleaned between powdering runs. Each item was rinsed 
with DI and brushed with a hard bristle brush. All of the parts were scrubbed with 
acetone and a Kimwipe, and then re-rinsed with DI and dried with a Kimwipe. This 
finalized the preparation of samples for both ICP-MS and abrasion pH analysis. 
Chemical Analysis Methods 
 An initial, and minimal set, of samples was sent off to Activation Labs for ICP-
MS analysis. Originally samples were going to be analyzed at William & Mary, but 
complications with equipment required analysis be done elsewhere. Due to budget 
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constraints, this first set was limited in number. It was hoped that this limited analysis 
would at least provide information on whether chemical weathering indices were useful 
for this particular study, as they have never been used for study in bedrock channels. 
Results from this analysis provided weight percents of various elements, presented as 
elemental oxides. This data could then be used for the calculation of various chemical 
weathering indices, including Weathering Index of Parker, Chemical Index of Alteration, 
the Chemical Index of Weathering, and the Jenny Index. Further information about these 
particular indices will be discussed in Data Methods. 
 A modification of the abrasion pH methods, another index of chemical 
weathering, was conducted in a William & Mary lab, once the sample was crushed 
(Grant, 1969; Burke et al., 2007). The pH probe, a Denver Instrument UP-10, was re-
calibrated using three buffers before measurements were made to prevent any systematic 
error. The powdered sample was initially massed out to 2.5 g and then placed in a 15 ml 
centrifuge tube. Slurry at a 2:1 ratio of de-ionized water to sample was made and mixed 
for 30 seconds using a touch mixer. The suspended sediment was allowed to settle for 2 
minutes before a pH reading was made. After a reading was made, the probe was rinsed 
with DI, wiped clean with a Kimwipe, and placed in a beaker of 400 mL of DI until the 
next sample was prepped. After every sixth measurement was made, the pH probe was 
checked for calibration in a mixture of 45 mL of DI and 5 mL of pH 7.0 buffer. This 
calibration check showed that the pH of the de-ionized water would vary, even with the 
buffer. The pH of the buffer mixture was also found to vary between different days of lab 
work. After all measurements were made, calculations were made to normalize the DI to 
a pH value of 7 for when measurements were made. 
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Data Methods 
 The majority of the data was processed using Microsoft Excel spreadsheets and 
MATLAB scripts. Scripts were written to fit the surveyed spatial data to linear transects, 
to find the distance along the transect, and also for binning the Schmidt hammer data. All 
of the data was plotted using Kaleidagraph plotting software.  
 Chemical weathering indices were calculated from the raw ICP-MS data. The 
indices selected for analysis were based on a previous assessment of various chemical 
weathering indices (Price and Velbel, 2003). This assessment looked at both fresh and 
weathered rock, and was intended for potential use of indices on the development of 
saprolite in heterogeneous felsic metamorphic rocks. The equations for the indices are 
shown below in Table 2. 
Table 2. Chemical Weathering Index Calculations and References 
 
Weathering 
Index of Parker 
 
100*[(Na2O/0.35)+(MgO/0.9)+(K2O/0.25)+(CaO/0.7)] 
 
Parker (1970) 
 
 
Chemical Index 
of Alteration 
 
Al2O3*100/ [(Al2O3+CaO+Na2O+K2O)] 
 
Nesbitt and 
Young (1982) 
 
Chemical Index 
of Weathering 
 
Al2O3*100/ [(Al2O3+CaO+Na2O)] 
 
Harnois (1988) 
 
Jenny 
Index 
 
SiO2/Fe2O3 
 
Jenny (1941) 
 
 The Weathering Index of Parker (WIP) was shown to satisfy the greatest number 
of established assessment criteria, and was concluded to be the best index for the 
weathering of heterogeneous parent rocks. WIP looks at the loss of most major mobile 
elements and is the only index of the assessment to consider bond strength (Price and 
Velbel, 2003). The ionic bond strength of each element with oxygen is considered in the 
calculation as it is assumed that this is the basis of susceptibility to weathering. It was 
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developed for the analysis of silicate rocks where hydrolysis is the major process in 
weathering. WIP values are expected to decrease as chemical weathering increases in the 
rock, leaching out the mobile elements. It does not consider silica in the calculation, as its 
movement can be irregular, and it does not assume the immobility of any heavier 
elements (Parker, 1970) 
The Chemical Index of Alteration (CIA) was also shown to satisfy most criteria, 
and could be used in some weathering conditions in which WIP was not applicable. 
However, CIA is sensitive to subtle changes in geochemistry. This could either be 
beneficial in measuring the small variations with depth in the cores or could prove to 
complicate the analysis (Price and Velbel, 2003). CIA was developed on fine-grained 
sedimentary rocks to measure the conversion of feldspars to clays, such as kaolinite, 
where hydrolysis is a major process of weathering. It calculates the loss of mobile alkali 
elements (Ca, Na, K) normalized to aluminum, assuming it is non-mobile. As weathering 
increases, the mobile elements are leached out, and the index values will increase as the 
proportion of aluminum to alkalis increases (Nesbitt and Young, 1982). One strength in 
using the CIA in addition to WIP is that it assumes immobility of aluminum, while WIP 
is independent of any assumptions of immobile elements.  
Another index, similar to that of CIA, is the Chemical Index of Weathering. The 
CIW was developed for the weathering of granites and basalts to clays. It differs from the 
CIA in that it does not take the leaching of potassium into consideration, because 
potassium can be leached out in the development of some soils and enriched in others 
(Harnois, 1988). Therefore is not very useful on K-feldspar rich rocks (Price and Velbel, 
2003). Similar to the CIA, the CIW is a measure of conversion of feldspars to clays, but 
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in Price and Velbel’s assessment (2003), it did not rate as well in terms of displaying 
appropriate trends. The final index used was the Jenny Index (SFE), which was not 
assessed by Price and Velbel (2003). This index is a simple ratio measure of loss of silica 
relative to more immobile iron (Jenny, 1941), and is likely most applicable where 
oxidation or dissolution of silica is significant. While the Jenny Index was not selected 
based on any assessment, it was chosen because it differs from the previous three in that 
it considers the loss of silica as a measure of weathering and might be useful in mafic 
rocks or sandstones.  
The final index of weathering used is abrasion pH, and is made by direct 
measurement of the pH of crushed rock sample (Grant, 1969). This index has been shown 
to be a strong indicator of kaolinite development in the weathering of granitic rocks to 
saprolites. Because clays can act as acids (Grant, 1969), increased amounts of kaolinite 
have been shown to decrease the pH in samples of saprolite (Grant, 1969; Burke et al., 
2003). While some studies have shown fresh bedrock values to have a neutral pH (Burke 
et al., 2007), others have shown fresh igneous bedrock to have a pH around 9 (Grant, 
1969). As the weight percent of kaolinite increases in the rock from 0 to 40%, pH has 
been shown to decrease exponentially by as much as 3 values of pH. Additionally, water 
flowing through the saprolites has been shown in some cases to remove clays and 
increase the pH (Grant, 1969). 
Each of these indices measures elemental loss due to chemical weathering, and 
each has its strengths and weaknesses. They are all highly sensitive to the dissolved 
losses in rocks, and therefore rocks that are in contact with flowing water might show the 
highest extents of weathering. Even though most are intended for heterogeneous rocks, 
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there is potential for them to be susceptible to extreme changes in mineralogy, especially 
at the small scales sampled in the cores. Also, because the differences in the extent of 
chemical weathering with depth or across a bedrock channel may be minimal, discerning 
meaningful changes in index values may be difficult. This is because most of these 
indices were developed for significant profiles of bedrock weathering into saprolites or 
soils (Price and Velbel, 2003). There have been no previous studies utilizing these indices 
in bedrock channels, and therefore, the utility of these indices will have to be determined.  
  31 
Results 
 The extent of data collected varies from channel to channel. The intent at each 
location was to collect a cross-sectional survey, Schmidt hammer measurements, and drill 
cores for chemical analysis. Variations in data collection were largely due to challenges 
presented by access or other limiting conditions at particular channels. At Crystal River 
T2 & T3 the discharge was too high to risk crossing with drilling equipment. At Bottom 
Creek and Buffalo River, issues with access, proximity to a road, and/or weather made 
drilling and surveying impossible. Laboratory analysis could be conducted only on 
channels where cores were collected, so at channels where there were no cores drilled, 
the weathering assessment is limited to Schmidt hammer results. Additionally, of those 
cores drilled, only some were analyzed using ICP-MS, due to lack of functioning 
equipment at William & Mary and budgetary constraints associated with analysis done by 
private labs. Therefore, ICP-MS data are limited to the top and bottom segments of cores 
drilled at Crystal River T1 and Onion Creek T2 transects. 
Cross-Sectional Surveys 
 Cross-sectional surveys were collected at all six channels in Colorado and Utah 
(Figure 10). Plotted surveys are vertically exaggerated and it should be noted that axes 
are not consistent between plots. Annotated points on the surveys indicate the location 
along the transects where cores were drilled for chemical analysis. In some channels, the 
lowest point of the transect represents the waterline, while in others it is the bottom of the 
channel thalweg. This distinction between transects is noted on axes labels, and is the 
result of limiting conditions in some channels. 
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Figure 10. Cross-sectional surveys were collected using a laser total station at all Utah and 
Colorado transects. Cored points in the channel are annotated with the point number along 
the transect and shaded regions represent areas where survey data was not collected. 
Height above the thalweg or waterline is labeled on the vertical axis and the horizontal axis 
is the distance along transect. Colorado transects are in the left-hand column and Utah 
transects are on the right-hand column. All surveys are vertically exaggerated. 
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  Crystal River transects all represent channels delimited on only one side by a 
steep bedrock wall. At Crystal River transect 1 (Figure 10A) flow velocity was high and 
there was no alluvial cover in the active channel. At CRT1, the length from 4.5 to 6.25 
meters along the transect is shaded to indicate an area where vegetation and sediment 
cover was too thick to survey the bare bedrock surface or collect Schmidt hammer 
measurements. The relief of CRT1 was 5 meters from the waterline, and the channel wall 
did not extend above this point. At Crystal River T2 and T3 (Figure 10A, 10B) alluvial 
cover was fairly continuous in the active channel but appeared relatively thin. Both 
surveys extend only to an elevation of approximately 2 meters above the waterline, but 
the delimited bedrock wall extended up another 20 meters. The wall was too steep to 
continue making any measurements above the surveyed extent.  
 Onion Creek Transect 1 (Figure 10D) was a broad and shallow channel with 
saprolite development on the river left margin, bedrock exposure in the active channel, 
and a highly weathered but steep, cohesive bedrock wall on river right. The active 
channel was flowing between 3.5 to 6 meters along the transect. The two areas of lower 
elevations at 1.5 m and 2.5 m at the transect represent buried paleo-thalwegs. Some of the 
highly developed saprolite and gravels were dug up on river left in order to sample the 
channel. On river right, the length from 6 - 7.5 m along the transect is shaded to indicate 
where the bank was undercut before rising steeply to approximately 2 meters. Onion 
Creek T2 (Figure 10E) was a channel set entirely in bedrock with minimal, patchy 
alluvial cover in the active channel and with steep banks on both sides. River left rose 
steeply out of the active thalweg, while river right was shallower just above the active 
thalweg for about half a meter before rising steeply to the margin. The active thalweg 
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extended from approximately 2.5 meters to 7 meters along the transect. River right was 
much more exposed, and river left was somewhat sheltered by an undercut wall beyond 
the extent of the surveyed section. The creek ran east to west and steep canyon walls 
bound this reach of the creek at this point. Cores at pt. 85 and pt. 50 were taken in the 
active flow. The final bedrock channel survey is West Coyote Creek (Figure 10F). It 
should be noted that the vertical exaggeration of this survey is significant, as the total 
relief is approximately half a meter along a shallow, broad 12-meter transect, 
representing river right. While the water was shallow, a thick mat of vegetation in the 
channel prevented sampling below the waterline. There was no alluvial cover along the 
transect and it was highly exposed. A topographic high or “rib” is present in the transect 
from 4.5 – 8 meters, and seven cores were drilled at the annotated points.  
Schmidt Hammer Results 
 Schmidt hammer measurements were collected along each transect to analyze the 
spatial variations of compressive strength of the intact rock. Schmidt hammer 
measurements are plotted as both raw data and as binned averages in order to elucidate 
potential patterns in the data. Additionally, in trying to discern spatially variable patterns, 
data are plotted against cross-sectional surveys and against height above the lowest point 
of the respective survey. Bottom Creek and Buffalo River are included only where binned 
data are plotted against height (Figure 14). These data were collected under the initial 
field sampling method for laying out transects, and surveys were not taken at either one 
of these channels. This did not allow for as extensive of an evaluation of spatial 
variations in Schmidt hammer data as at other channels. For the other channels, Schmidt 
hammer data are plotted in four different ways: all rebound data against cross sectional 
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survey, average rebound values binned with respect to distance along transect, all 
rebound data against height, and average rebound values binned with respect to height. 
Rebound values are all plotted on equal axes. 
All Rebound Values vs. Survey 
The complete set of data plotted on the survey allows for observations of 
relationships in dispersion and absolute values with topography or location in the 
channel. At Crystal River T1 (Figure 11A) compressive strength measurements were not 
collected from 4.5 to 6.5 meters along the transect. Values range from 20 – 85 R, but 
don’t drop below 45 R until after 4 meters along the transect. Rebound values at Crystal 
River T2 range from 20 – 70 R, but with most values between 30 – 50 R (Figure 11B). At 
Crystal River T3 values at the waterline are around 45 R, but steadily decrease to around 
20 R at the channel margin with little variation in rebound values (Figure 11C). At Onion 
Creek T1 values do not exceed 40 R, and some rebound measurements are plotted as 0 R, 
meaning rebound values were not measurable (R ≤ 15) (Figure 11D). Most readable 
points were in the buried thalwegs and right near the active thalweg; the water was too 
deep to take measurements in the thalweg. At Onion Creek T2, values ranged from 16 – 
64 R across the channel. On the river left margin, as well as around 6 meters along the 
transect, values show both an increase in values and a decrease in deviation (Figure 11E). 
Finally, at West Coyote Creek values show very little deviation near the waterline and 
increase from around 45 R to about 60 R. On the rib rebound values immediately drop to 
nearly 15 R and range from about 15 R – 65 R along the rest of the margin (Figure 11F).  
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Figure 11. All Schmidt hammer rebound data plotted against channel cross-sectional surveys. 
The black line represents the survey and the blue dots represent individual rebound values. 
Height in channel is plotted on left hand y-axis, rebound values are plotted on right hand y-
axis, and distance along transect is on the x-axis. The full data set of rebound values displays 
how changes in compressive strength related to changes in local topography or location in the 
channel cross-section.  
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Binned Rebound Values vs. Survey 
The compressive strength measurements are also plotted as average values in bins 
with respect to the distance along the transect (Figure 12). For each mean value, the 
standard deviation of those values is plotted, indicating the dispersion of the data. On 
CRT1 (Figure 12A), the mean Schmidt hammer rebound values are, overall, higher than 
at other transects, reflecting the influence of lithology. Mean values near the waterline are 
around 70 R with a standard deviation of 5 R. At the margin of the channel mean values 
decrease by 20 R, or a 30% decrease in the compressive strength of the rock, and 
standard deviation triples to 15 R. Along CRT2 (Figure 12B) mean values are fairly 
consistent along the transect ranging from 33 R to 44 R. The highest standard deviation 
(16 R) is just above the waterline, but most deviate between 4 and 9 R. At the waterline 
of CRT3 (Figure 12C) mean values are similar to CRT2 at around 40 R, and show little 
deviation from the mean. Mean values at the channel margin drop by 18 R or demonstrate 
a 41% decrease in the compressive strength from the waterline. The second half of the 
transect also shows an increase in variability of values.  
 Along Utah transect Onion Creek T1 (Figure 12D) mean Schmidt hammer values 
do not exceed 25 R and there were no recordable measurements on the steep bank of river 
right. Mean values are not a great statistical measure here, because the mean is not 
resistant to the values of 0 R used for no reading, but it does show patterns of higher 
mean values around the buried and active thalwegs. Onion Creek T2 had mean binned 
values that were fairly consistent around 40 R with standard deviations ranging from 5-12 
R (Figure 12E). The greatest mean values are at 0.5 m and 6.5 m on the transect (on the 
river left margin and in the active flow), and the greatest standard deviation of 14 R is  
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Figure 12. Schmidt hammer data binned in equal interval bins with respect to distance along 
channel transects. Black lines represent channel survey, blue dots represent mean rebound value 
for the bin, and red bars represent standard deviation of values. These bins are intended to help 
make patterns of Schmidt hammer values more apparent along the survey. These bins can 
sometimes encompass an area of dramatically changing values and will not accurately depict 
trends in the data.   
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also at 6.5 meters along the transect. However, looking back at the raw data against the 
survey (Figure 11E) shows that these statistics, binned as intervals of equal distance 
along the transect, may be to broad reflect the real trends occurring at 6.5 m along the 
transect. There is, in fact, an increase in compressive strength values at this location, but 
value dispersion decreases noticeably. West Coyote Creek (Figure 12F) shows little 
variability and higher values (48 – 56 R) in the 4 m nearest the active channel. On the rib, 
where topography suddenly increases by 0.3 m, the mean values drop sharply to 37 R, or 
by 34%, and standard deviation triples to almost 15 R. On the far side of the rib, where 
elevations drop again, the mean rebound values increase, returning to values of greater 
than 50 R. Then at the extent of the channel margin, values decrease again to 42 R and 
standard deviation is again near 15 R.  
All Rebound Values vs. Height 
 Looking at Schmidt hammer rebound data against channel cross-sections 
potentially can reveal patterns of spatial variability associated with local topography, 
such as the thalweg or a rib on the transect. However, if the hypothesis that a decrease in 
compressive strength is related to sub-aerial exposure above the perennial low-flow water 
height and the occurrence of wetting events, it is important to look directly at the 
relationships with respect to the height above the channel. All of the raw rebound values 
plotted against height show broad trends, and in some cases this can represent data trends 
more accurately, as outliers may affect mean values (Figure 13). Some channels to note 
include CRT2, where dispersion is greatest below half a meter; above that, most data 
cluster around 40 R. There are some outliers between 0.5 – 1 m that may pull mean 
values away from this trend (Figure 13B). Additionally, at OCT2, data range from 16 –  
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Figure 13. All Schmidt hammer rebound values plotted against height above waterline/thalweg of 
the channel. Blue dots are individual reading values, x-axis is rebound value, and y-axis is 
elevation of point. These plots are intended to show patterns in compressive strength with height. 
At Onion Creek T1 (D), values that were below readable values (R < 15) are plotted as 0 R. 
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64 R at the lowest elevations. At approximately 0.75 m in height, the range in data 
narrows in range to 36 – 48 R (Figure 13E). Above that point, the majority of data lie 
between 40 – 55 R, but rebound value outliers are as low as 16 R and may pull mean 
values down. 
Binned Rebound Values vs. Height 
 Crystal River T1 is missing data from 1.5 to 3 meters in height (Figure 14A), but 
the mean compressive strength measurements below 1 meter (on the topographic 
“bench”) range from 65 -75 R, with standard deviations not exceeding 11 R. Mean values 
above the bench decrease by about 30% to around 50 R, with standard deviation doubling 
to nearly 20 R. In comparison, Crystal River T2 values center around 40 R. Standard 
deviations are variable and range from 2 – 13 R, but deviations appear consistently 
greater on the lower half of the transect (Figure 14B). Crystal River T3 shows a constant 
decrease in mean rebound values from 45 R at the waterline to 25 R at the margin (Figure 
14C). This is a 44% decline in intact bedrock compressive strength over a 2.5 meter 
increase in height. Standard deviation trends do not vary greatly with height, and the 
greatest deviation is 11 R at the highest point. 
 Along Onion Creek T1 there are points below measureable values (15 R) at all 
heights along the transect (Figure 14E). Above a height of 0.2 m there are no 
measureable readings, and maximum readings on the transect do not exceed 40 R. In 
comparison, the average values at Onion Creek T2, where the lithology is the same, are 
centered on 40 – 45 R (Figure 14F). Standard deviations are fairly constant with height, 
but markedly increase at 1.25 m above the thalweg and at the very lowest binned point, 
where values range from 16 R - 64 R. While both OCT1 and OCT2 represent complete  
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Figure 14. Schmidt 
hammer values binned 
with respect to height 
above the channel. Black 
lines represent maximum 
and minimum R values 
at any given height, red 
dots represent mean R 
values, blue bars are 
standard deviations, 
green squares are R 
values measured under 
moss, and red, empty 
squares are bins with no 
readable values. Bins do 
not always represent 
equal intervals with 
respect to height because 
the geometry of the 
channel often controlled 
data density with height. 
This figure includes 
measurements from the 
two Virginia channels (D 
and H) sampled under 
different methods. The 
bins on these two plots 
represent 20 meter 
transects. Plots A – C are 
the subalpine channels 
from Colorado and plots 
E – G are the arid 
channels from Utah. 
Rebound values are 
plotted on the x-axis and 
axes are all equal. Y-axis 
varies and represents 
height above the 
channel. 
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channel cross-sections, OCT2 had measureable values on both channel margins, so 
additional plots were made for river right and river left data in order to consider whether 
values might vary on opposing channel banks. On river left values range from around 15 
– 60 R at the lowest height, with a standard deviation of 11 R (Figure 15A). Instead of 
decreasing with height, mean rebound values actually increase by 40%, or 15 R, and 
standard deviation drops to 5 R up to a height of about 1.3 meters. In contrast, on river 
right, mean values tend to stay constant with height, around 40 R (Figure 15B). The 
widest range of values is also at the lowest binned height, and the greatest standard 
deviation is at 1.25 meters above the thalweg, although sample size is small here. The 
range of values is generally greater and absolute values lower on river right with height. 
Figure 15. Schmidt hammer values binned with respect to height for river left and river right at 
Onion Creek T2. Black bars represent maximum and minimum R-values, red dots are mean R-
values, and blue bars are standard deviation. Trends can be seen to vary between channel margins. 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West Coyote Creek shows a different pattern than the previous two channels in 
the arid Utah climate (Figure 14G). The plot has a distinct “tornado” shape with regard to 
maximum and minimum values. Standard deviations range from 3-6 R at the lowest 
elevations, and increases significantly with height to 14 R at the maximum. Mean 
rebound values are about 50 R on the lower half of the transect, and decrease to 40 R on 
the upper half of height values, representing a 20% decrease in strength over a very small 
(0.45 meter) increase in height. 
The final two plots of mean binned values against height, display data collected at 
Bottom Creek and Buffalo River (Figure 14D, 14H) from the earlier field methods. In 
addition to the transect methods, Bottom Creek was also different in that some portions 
of the stream-parallel transects were covered by moss. In these locations, moss was 
pulled away and measurements were taken on the bedrock surface (shown as green 
squares). Maximum and minimum values of the bare bedrock does not vary significantly 
with height, ranging from 20 – 70 R. Standard deviations also do not change much 
between transects. It is notable that the range of measurements from beneath the moss are 
consistently lower (36 – 39 R) than the bare bedrock surfaces (45 – 54 R), but their mean 
values are within the range of standard deviations of the bare bedrock values. Similarly, 
Buffalo River shows little change in mean values with height above the channel. 
Maximum values and minimum values are wide in range as well, and mean values are 
constant around 43 R. Standard deviation does increase from 10 R at the bottom transect 
to 14 R at the highest transect. 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Chemical Weathering Index Assessments 
 In accordance with the Price and Velbel (2003) assessment of chemical 
weathering indices, which was the basis for selecting most indices for this project, index 
values were plotted against the bulk density of core segments. Assuming isovolumetric 
removal of mobile elements, bulk density serves as an independent measure of the extent 
of weathering. As a particular index trends towards values suggesting increased 
weathering, bulk density should decrease if isovolumetric chemical weathering is 
occurring. Therefore, OCT2 and CRT1 are plotted similarly to see if trends are consistent 
with those in the assessment, and if not, it can be assumed that the elemental behavior of 
the samples is not consistent with isovolumetric chemical weathering. 
 Due to limited ICP-MS analysis, the four selected indices are only plotted against 
the bulk density of both the surface and base segments of cores for both Onion Creek T2 
and Crystal River T1. The values of some indices increase with weathering while others 
decrease.  In order to facilitate interpretation of the data, axes of the various plots are 
arranged so that points exhibiting the highest degree of weathering are located in the 
bottom right of the plots. Therefore, if chemical weathering is occurring in a sample of 
data, the linear regression of the data should display a decreasing slope. Price and Velbel 
(2003) found the strength of relationships, as measured by the correlation coefficient R2, 
for the two strongest indices, WIP and CIA, ranged from 0.16 – 0.716, 
 The indices selected were Weathering Index of Parker, Chemical Index of 
Alteration, Chemical Index of Weathering and the Jenny Index (SFE). At OCT2 trends of 
all indices show an increase in the degree of weathering with a decrease in bulk density 
(Figure 16). The data trends show strengths of correlation ranging from 0.28 – 0.359. It  
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Figure 16. Plots of the four chemical weathering indices against bulk density of core 
segments from Onion Creek T2. Blue dots represent values at individual segments and the 
red line is the linear regression of the points with the correlation coefficient shown. Y- axes 
are arranged so that points exhibiting the highest degrees of weathering are located in the 
bottom right of the plots. 
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Figure 17. Plots of the four chemical weathering indices against bulk density of core 
segments from Crystal River T1. Blue dots represent values at individual segments and the 
red line is the linear regression of the points with the correlation coefficient shown. Y- axes 
are arranged so that points exhibiting the highest degrees of weathering are located in the 
bottom right of the plots. 
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can be seen that there are a number of points in the data set with a similar bulk density 
but a range of weathering index values. Overall though, bulk density values show 
corresponding weathering index values consistent with the expected trends for the 
isovolumetric weathering of bedrock.  
In comparison, CRT1 shows trends for the WIP and CIA that are opposite of what 
would be expected for weathering bedrock (Figure 17). Linear regressions show a 
positive slope for these indices and most values are of about equal index value, 
independent of bulk density. One point can be seen as an outlier in the data sample, and 
while it has index values indicating significant weathering relative to others, it does not 
fall into the trends of bulk density consistent with weathering. Both the SFE and CIW 
also show that most core segments display similar degrees of weathering, but in contrast 
to the previous indices, the outlier values suggest an extremely unweathered point 
relative to the others. The contrast between these indices and the prior two suggests there 
is something unusual with the chemistry at this point. This outlier does influence the 
linear regressions of the plots, and without this value, the slope on all plots, except the 
WIP, flattened out but did not become negative consistent with weathering trends. 
The outlier in the CRT1 data set represents the surface segment of cored pt. 50. 
An evaluation of the raw ICP-MS analysis of this point provides some insight for the 
issues associated with the index calculations (Appendix C). This point has double the 
concentration of Na2O (almost 7%) compared to all other points of the transect. It also 
has only 0.2% K2O, while all other points have concentrations ranging from 4.5 – 6%. 
Finally, the percent concentrations of CaO and Fe2O3 are not large in any of the samples, 
but the surface at pt. 50 has about half as much of each when compared to other points. 
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While potassium and calcium are mobile elements included in the index calculations, 
sodium would be preferentially leached out because of its small charge and large ionic 
size (Andrews et al., 2004). The bulk chemistry is not consistent with weathering, and 
further, the photo of the pt. 50 core reveals that there is a large (~2 cm in diameter) 
phenocryst near the surface (Appendix A). In the photograph this phenocryst looks like it 
may be plagioclase and is inconsistent with the overall texture of the rock seen in all 
cores from Crystal River T1. A plagioclase crystal would also be consistent with the 
much higher levels of sodium in comparison to the other samples. The variations in bulk 
chemistry at point 50 are likely due to heterogeneity of the lithology, and indicate that on 
small sample sizes, these indices may be unreliable for heterogeneous rocks.  
Chemical Weathering Index Results 
 The four chemical weathering indices evaluated at the two channels were plotted 
against survey data to evaluate trends of weathering with spatial variation in the channel. 
While bulk density is thought to be a better indicator for the degree of weathering than 
depth below the surface, chemical weathering is often assumed to develop more 
extensively at the surface and is sometimes plotted against depth (Price and Velbel, 
2003). Therefore, in trying to consider the spatial variability of weathering, the four 
indices are plotted against depth below surface of the bedrock. In addition, the values at 
the surface are plotted against the cross sectional survey and against height in the 
channel. This set of plots allows for a full consideration of variability of chemical 
weathering with respect to spatial orientation in the channel.  
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Weathering Index of Parker 
Weathering Index of Parker considers the individual mobility of the most mobile 
major elements and accounts for bond strengths with oxygen in the calculations. The WIP 
values will decrease with increased weathering as mobile elements are stripped away by 
weathering processes, such as hydrolysis (Parker, 1970). The Onion Creek T2 survey 
shows that WIP values are greatest at the highest extents margins of the channel (Figure 
18A). The lowest surface value is at cored pt. 37, which, while low in the channel, was 
just above the waterline. The total range in values is from 2600 to 3100. Crystal River T1 
surface values include the anomalous surface value at pt. 50 (Figure 18B). Of the other 
values, the lowest WIP value is at pt. 30 and the greatest value is at pt. 15. These values 
range from 2800 – 3200, and pt. 0 is only slightly greater than pt. 30. 
Figure 18. Plots of Weathering Index of Parker values at core surfaces along the cross-
sectional surveys of OCT2 (A) and CRT1 (B). Red dots represent individual surface 
values, and lower values indicate increased degrees of weathering.  
  51  
Figure 19. Plots of the values for the Weathering Index of Parker at core surfaces 
against height on transects at OCT2 (A) and CRT1 (B). Blue dots represent 
individual surface values, and lower values indicate increased degrees of 
weathering. A linear regression is plotted for CRT1 (B). 
Figure 20. Plots of Weathering Index of Parker values with depth below surface at 
OCT2 (A) and CRT1 (B). Points represent top and bottom segments of individual 
cores, distinguished by different colored trend lines. Lower WIP index values indicate 
increased degrees of weathering. 
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In considering how the WIP varies with height above the active channel, CRT1 
shows a linear trend with a correlation coefficient (R2) of 0.859 (Figure 19B). However, 
this is the result of the outlier at pt. 50, and without that point, it would hard to elucidate 
any trend as a function of height. OCT2 does not display a linear relationship with height 
(Figure 19A). The lowest surface WIP value (pt. 37) is just above the active thalweg. All 
other points, both those drilled in the active thalweg and those high on the margins vary 
by only 200 index values, with the highest points displaying the highest values. 
The final WIP plots with depth below the surface are considered to see if 
weathering profiles are consistent between cores taken from different locations of the 
transect (Figure 20). Based on the WIP index, pt. 37 on OCT2 exhibits slightly more 
weathering on the surface than at a depth of 9 cm. However, all other points of the 
transect appear to display the opposite, with less weathering at the surface than at depths 
of 4 to 7 cm (Figure 20A). These four cores also do not converge around a similar value. 
AT CRT1, the two cores lowest in elevation on the transect (pt. 0 and pt. 15) have higher 
WIP values at the surface than at depth (Figure 20B). Point 30 has significantly greater 
WIP values at depth than at the surface; decreasing by 400 points at a depth of 13 cm. 
Values do not seem to converge at depth. WIP values at pt. 50 increase significantly with 
depth, but the surface point is likely influenced by mineralogy than weathering. 
Chemical Index of Alteration 
The Chemical Index of Alteration shows higher index values with increased 
amounts of weathering. It calculates the loss of mobile elements normalized to the more 
immobile aluminum, and was developed in fine-grained sedimentary rocks (Nesbitt and 
Young, 1982). CIA values at OCT2 show a pattern of weathering very similar to those of  
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Figure 21. Plots of Chemical Index of Alteration values at core surfaces along the 
cross-sectional surveys of OCT2 (A) and CRT1 (B). Red dots represent individual 
surface values, and higher values indicate increased degrees of weathering.   
Figure 22. Plots of the values for the Chemical Index of Alteration at core surfaces 
against height on transects at OCT2 (A) and CRT1 (B). Blue dots represent individual 
surface values, and higher values indicate increased degrees of weathering. A linear 
regression is plotted for CRT1 (B).  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WIP (Figure 21A). The most weathered point is again at pt. 37, but pt. 85 in the active 
thalweg is nearly equal to the value at pt. 6 on the margin. Values range from 34 to 43 on 
these cored surfaces. CRT1 values are slightly higher and range from about 58 to 64 on 
the surface (Figure 21B). The three lowest points show an equal degree of weathering 
and are significantly lower than pt. 50, which increases to a value of nearly 64. 
Plotted against height, the values of OCT2 show a similar pattern of weathering as 
the WIP (Figure 22A). As seen on the survey, the value at pt. 85 is equal to that at pt. 6. 
The CRT1 plot shows that values below 1 m are equally weathered and pt. 50 has a much 
higher value (Figure 22B). The three lower points located on the topographic bench are 
about equal. There is a linear fit to the data, but it includes the outlier at pt. 50. 
While the other CIA plots for OCT2 are similar to those for WIP, the final CIA 
plot against depth below surface shows a different pattern. CIA profiles show decreased 
Figure 23. Plots of Chemical Index of Alteration values with depth below surface at 
OCT2 (A) and CRT1 (B). Points represent top and bottom segments of individual cores, 
distinguished by different colored trend lines. Higher CIA index values indicate 
increased degrees of weathering. If values do not change with depth, it suggests surface 
values represent nearly fresh bedrock.  
  55 
weathering at points 6 and 10 at the margin as well as at pt. 37, and all display a similar 
decrease in value with depth (Figure 23A). Cores at pt. 50 and pt. 85, which were both 
under active flow in the channel, actually show an increase in weathering with depth. The 
lowest point of core at pt. 50 (4 cm) is more weathered than the surface of the core at pt. 
37. The trends of weathering with depth at CRT1 are similar to the WIP, but at a different 
scale (Figure 23B). The values vary by only a single value on the CIA index from surface 
to depth on all three cores from the topographic bench. The base segment of core 50 
converges toward index values similar to the bases of the other cores. 
Chemical Index of Weathering 
A similar index, the Chemical Index of Weathering, makes a similar calculation 
of weathering, but does not take the removal of potassium into consideration (Harnois, 
1988). While the values along the OCT2 survey show the same pattern as the previous  
Figure 24. Plots of Chemical Index of Weathering values at core surfaces along the 
cross-sectional surveys of OCT2 (A) and CRT1 (B). Red dots represent individual 
surface values, and higher values indicate increased degrees of weathering.   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Figure 25. Plots of the Chemical Index of Weathering values at core surfaces against 
height on transects at OCT2 (A) and CRT1 (B). Blue dots represent individual surface 
values, and higher values indicate increased degrees of weathering. A linear regression 
is plotted for CRT1 (B).  
Figure 26. Plots of Chemical Index of Weathering values with depth below surface at 
OCT2 (A) and CRT1 (B). Points represent top and bottom segments of individual 
cores, distinguished by different colored trend lines. Higher CIW index values 
indicate increased degrees of weathering.   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indices, they are somewhat higher than that of CIA, ranging from 37 to 48 (Figure 24A). 
The values are also slightly higher along CRT1, but the CIW shows a drastic difference 
in the weathering profile for pt. 50 (Figure 24B). The surface values of the cores at the 
three lower elevations are still nearly equal, but at the surface of pt. 50 the CIW shows 
that there is instead a significant decrease in weathering.  
The pattern of CIW values against height in OCT2 is consistent with previous 
indices (Figure 25A). CRT1 is plotted with a linear fit and has a correlation coefficient of 
R2=0.934; however in contrast to CIA pt. 50 displays a trend of significantly decreased 
weathering high on the channel (Figure 25B). CIW values vary with depth at OCT2 in the 
same manner as indicated by CIA but with slightly higher values (Figure 26A). Cores at 
pt. 15 and pt. 30 on CRT1 show no change in CIW value with depth, indicating fresh 
bedrock at the surface. Point 0, at the waterline, was not drilled to the same depth, and 
shows a slight decrease in CIW value at a depth of 3 cm (Figure 26B).  
Jenny Index 
The final index calculated with the data from the ICP-MS is the Jenny Index 
(SFE). It is simply a ratio of silica to iron in the bedrock, normalized under the 
assumption of iron immobility. As values decrease, the trend is for increased weathering. 
The Jenny Index is an evaluation of the loss of silica in the bedrock, which is not 
considered in the other indices (Jenny 1941). With both OCT2 and CRT1, silica 
concentrations are quite high (60-80%) but iron concentrations are low (0.5-3.5%). Small 
variations in the iron are to be expected in heterogeneous parent rock. However, the 
Jenny Index is a ratio normalized to iron, so small percent changes in iron can have 
significant affects on the SFE, even though it is intended to measure changes in silica.  
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The SFE values against the survey of OCT2 show a different profile than previous 
indices. The most weathered surface value is at pt. 50, in the active flow. The river right 
margin (pt. 37 and pt. 6) is equally weathered, and the river left margin is the least 
weathered, with reasonably consistent surface values at pt. 85 and pt. 110 (Figure 27A). 
The range of SFE values over the entire transect is from 19-24. The CRT1 values range is 
considerably greater (70-175), with the lowest amount of weathering occurring at pt. 50 
(Figure 27B). The highest extent of weathering is at pt. 15, but the three points at lower 
elevation vary by about 5 index values.  
SFE values plotted against height reveal a pattern at OCT2 values that is different 
than all previous indices (Figure 28A). The point of highest elevation (pt. 6) is the second 
most weathered point, but the point on the opposite side of the channel (pt. 110), which is  
Figure 27. Plots of Jenny Index (SFE) values at core surfaces along the cross-
sectional surveys of OCT2 (A) and CRT1 (B). Red dots represent individual surface 
values, and lower values indicate increased degrees of silicate weathering.   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Figure 28. Plots of the Jenny Index (SFE) values at core surfaces against height on 
transects at OCT2 (A) and CRT1 (B). Blue dots represent individual surface values, 
and lower values indicate increased degrees of weathering. A linear regression is 
plotted for CRT1- note the scale on x-axis.   
Figure 29. Plots of Jenny Index (SFE) values with depth below surface at OCT2 (A) 
and CRT1 (B). Points represent top and bottom segments of individual cores, 
distinguished by different colored trend lines. Lower SFE index values indicate 
increased degrees of weathering.   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the next highest elevation, is the least weathered point. Point 37 is still interpreted to be 
the most weathered point along the transect. There is no real trend or discernable pattern 
with this data, possibly due to the small amount of iron in the rocks use for this index. 
CRT1 displays a weathering trend that looks very much like CIW against height (Figure 
28B). The linear fit here is R2=0.922, and the surface at pt. 50 is interpreted to be 
significantly less weathered than the other three values.  
Finally, the SFE values against depth below surface at CRT1 (Figure 29B) also 
look very similar to CIW. Both pt. 15 and pt. 30 show no change with depth, and pt. 0, 
which is much shallower, decreases slightly with depth. At OCT2, all points, expect for 
pt. 50, show a decrease in weathering with depth (Figure 29A). The degree to which 
values decrease with depth varies between cores, but the points on the margin seem to 
show similar trends with depth. The only point that shows no weathering with depth is pt. 
50. 
Abrasion pH 
 Abrasion pH is the only chemical weathering index used that directly evaluates 
the development of secondary mineralization (Grant, 1969). This index considers the 
development of clays, particularly kaolinite, as primary minerals are altered through 
chemical weathering. While intended for evaluating saprolite development, kaolinite 
could potentially develop in the interstitial spaces of rocks, as the feldspars are 
chemically altered. Four of the channels where cores were drilled had primary lithologies 
that are conducive to the development of kaolinite. West Coyote Creek would not 
develop clays as it is in a well-sorted, mature quartz Navajo sandstone. The pH values  
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Figure 30. Plots of surface 
values of abrasion pH along 
the cross-sectional surveys 
of channels. Red dots 
represent individual core 
surface values and the black 
line is the survey. pH is 
plotted on the right-hand y-
axis and axes have the same 
range on all three plots. 
Values of pH should 
decrease with increased 
development of kaolinite 
minerals as bedrock 
weathers more extensively. 
Kaolinite development is 
very dependent on substrate 
lithology, and the dominant 
processes of chemical 
weathering. Values of fresh 
bedrock should be neutral 
and points where kaolinite 
has developed should 
become more acidic. All 
values measured were 
alkaline, and acidity was 
only relative to one another.  
Onion Creek T1, where field 
evidence suggested the 
development of saprolite, 
showed no significant 
change in values between 
saprolitic pH and pH of bare 
bedrock within the active 
channel flow. Onion Creek 
T2 also showed high 
variability of values even in 
areas of different processes. 
Abrasion pH did not prove to 
be a useful index in 
analyzing differences of 
chemical weathering in 
bedrock channels. This may 
be the result of clays being 
leached out or washed away 
in active channels.  
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should decrease (i.e., the rock will become more acidic) as chemical weathering 
intensifies. 
 The pH values recorded from the surface segments of the cores, where weathering 
is likely to be most developed, are plotted against the cross-sectional surveys. Along 
Crystal River T1 surface pH values do not vary by more than 0.5 (Figure 30A). Point 15 
has the lowest pH at 9.15, and pt. 0 has the highest pH at 9.55. Onion Creek T1 surface 
pH values vary by only 0.15 and the lowest point is from the active flow at core C 
(Figure 30B). The variability of values is greater at OCT2, ranging from a pH of 8.41 up 
to 9.21 (Figure 30C). The lowest value is at pt. 110 on river left and the highest value is 
at pt. 50. The pH values on the surfaces of the three points of river right are not 
significantly different, and are all greater than values on river left. Buffalo River was not 
surveyed and is therefore not plotted here. 
 Plotting surface pH values against height does not reveal any strong relationships 
to spatial orientation in the channel, except for at Buffalo River (Figure 31). OCT2 pH 
values are more alkaline at the points of both low and the high elevation in the channel. 
Two of the cores taken from low elevations in the channel (pt. 37 and pt. 50) are close in 
value, but are experiencing different conditions in the channel as one is in the active flow 
and the other is sub-aerially exposed. Point 85, which was also under active flow, is much 
more acidic than pt. 50 in the active channel. CRT1 also shows a lack of a trend with 
height (Figure 31B). The point at waterline is the most alkaline, the two middle points are 
the most acidic, and the point of highest elevation is in between these pH values. At 
OCT1, two points of equal elevation above the thalweg represent the highest and lowest 
values of pH (Figure 31C). Buffalo River in contrast shows a strong linear trend with 
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height above the waterline (Figure 31D). The point at the waterline is the most acidic and 
pH values become increasingly alkaline with height.  
 While OCT2 lacks any strong relationships between pH and height, plotting the 
pH of the surface, middle and bottom cored segments against depth reveals some trends 
(Figure 32A). Surface values range between a pH of 8.4 – 9.2, but points between 2 - 4 
cm below the surface, regardless of location along the transect, center around a pH of 9.3- 
Figure 31. Plots of surface abrasion pH values against height on the transect. Blue dots 
are individual surface values. Values of pH are on the x-axis and should decrease with 
increased kaolinite development. Buffalo Creek (D) is the only channel that shows any 
strong trend of spatially variable pH, however as a limestone, this is more likely due to 
dissolution of CaCO3. 
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9.4. Below that depth the pH is similar, but variability increases, with pH ranging from 
9.1 – 9.5. The cores from CRT1 do not display any consistent trends (Figure 32B). The 
pH values both increase and decrease at their middle point. In all four cores, however, pH 
values at the lowest depth are either equal to or more acidic than their respective surface 
values. At OCT1, cores A and B were drilled into saprolite, but in all cases these cores 
Figure 32. Plots of abrasion pH values at surface, bottom and middle of cores against 
depth below surface from four transects. Different colored trend lines represent 
different cores, and values should decrease with increased development of kaolinite in 
the bedrock. 
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became more alkaline with depth than did core from solid bedrock in the active thalweg 
(Figure 32C). The values at depth range from a pH of 9.4 – 9.55. Finally, Buffalo River 
cores show an increase in pH from the surface to the middle point at all three cores 
(Figure 32D). While core 1 continues to show an increase in pH to the deepest point, the 
other two cores become more acidic at their final depth. All three cores’ deepest point, 
which ranges from 10-13 cm beneath the surface, have a pH of about 9.6.  
Discussion 
Physical Rock Properties 
 Schmidt hammer measurements are a relative measure of the surface hardness or 
compressive strength of the rock, and the values can be influenced by a number of 
characteristics of the rock (Selby, 1980). While these results are often discussed as a 
proxy for physical weathering of a rock, they do not solely reflect physical processes. 
Physical weathering processes (e.g. thermal expansion, freeze-thaw, wet-dry, salt 
crystallization) can cause micro-fracturing, as well as result in a significant decrease in 
both the compressive and tensile strength of the rock (Nicholson and Nicholson, 2000); in 
contrast, chemical alteration and isovolumetric leaching of rocks can lead to a increase in 
the porosity (Sabatakakis et al., 2008). Therefore, measuring the extent of chemical 
weathering is important before directly relating Schmidt hammer reading to the degree of 
physical weathering. In general, when there is little or no chemical weathering taking 
place, decreases in the compressive strength of the intact rock can then be interpreted to 
be the result of physical weathering processes. When the evaluation of chemical 
weathering is not available, Schmidt hammer values can only be a proxy for the extent of 
the overall effect of weathering processes. 
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 Weathering processes are strongly influenced by climate, so trends of Schmidt 
hammer values will be considered with respect to channels of similar hydro-climatic 
regions. Assessments of weathering trends based on Schmidt hammer data will be made 
based on changes in both value and the variability of values. Increased variability in 
Schmidt hammer values will occur due to increased variability of conditions of sub-aerial 
weathering as bedrock channel margins are exposed for longer periods of time. 
Therefore, trends of decreasing values and increasing variability are expected with 
increased degrees of weathering. 
The Crystal River transects from the subalpine area of Colorado show evidence 
for increased weathering with height above the active channel as compressive strength 
decreases in two out of the three transects. Independent of lithology, two of the channels 
show a decrease in rebound values of 25 - 44% from the waterline to the edge of the 
surveyed channel margin (Figure 12). These channels are located in a climate where 
freeze-thaw processes are likely, although they were not observed. Additionally, CRT1 
was on a southern-facing channel wall, meaning it receives more solar radiation 
throughout the year. This can cause thermal fracturing of the rock due to increased 
diurnal heating and cooling of the rock, as well as increase the frequency of freeze-thaw 
cycles in the winter (Lifton et al., 2009).  
Another interesting observation was that Crystal River T2, only 5 meters 
downstream of T3, showed no pronounced change in average rebound values with height 
compared to CRT3 (Figure 14). This suggests that either weathering processes are not 
consistent in the channel at this scale or that CRT2 had been more recently stripped of its 
weathered surface than CRT3. The proximity of the two transects means they would 
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experience identical heights and frequencies of inundation, which suggests some other 
factor may be affecting spatial variability of weathering. CRT3 has a well-developed 
weathering profile with height (Figure 14), and is on a southeast facing, stream-parallel 
wall. In contrast, CRT2 is on a wall facing downstream relative to the flow and is 
oriented facing the northeast. This transect may be a place where an eddy would develop 
in higher flow conditions, creating a vortex of water and sediment to abrade the surface 
of weathered material. The difference in orientation would also affect the amount of 
sunlight exposure each transect receives. CRT3 would experience more diurnal heating 
and cooling, and CRT2 would experience significantly less solar exposure. These 
transects provide evidence that spatial variability of weathering may occur at the meter-
scale, or less, along a channel reach, and that the spatial orientation of the channel wall 
may cause changes in process or their efficiency in the channel. 
In the arid Utah climate, the relationship between compressive strength and height 
is also pronounced. At Onion Creek T1 there was field evidence for high degrees of 
isovolumetric weathering, with saprolite development on channel margins. Almost all 
measurable Schmidt hammer values were either in the active channel or paleo-thalwegs 
(Figure 11). The maximum values of measureable points in the thalwegs were also near 
the averages of those at OCT2. This indicates that points in the flow, that are actively 
being eroded, more closely represented fresh bedrock, and that any points above the 
active flow were significantly weathered. The channel flowed north here and was highly 
exposed without any canyon walls nearby to block exposure (Appendix B).  
When looking at Onion Creek T2 as a whole, it does not show compelling trends 
of decreasing rebound values with height. Average values do not tend to change with 
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height across the entire transect, but variability is greatest at the lowest and highest 
elevations of the channel (Figure 14). However, consideration of the channel banks 
separately shows that the variability at higher elevations is better explained by divergence 
of data with respect to river left and river right. At a height of about 1 meter above the 
thalweg, rebound values are over 35% lower on river right than river left and deviations 
are more than double (Figure 12). There is no difference in lithology, rock structure, or 
inundation frequency between the opposing channel banks, which suggests that channel 
aspect and/or differences in channel erosional patters are potentially important factors in 
the diminishment of rock strength. River right is a southern facing wall, while river left is 
a northern facing wall that is slightly undercut just above the extent of the surveyed 
channel.  
At Onion Creek transects, diurnal heating and cooling, as well as salt 
crystallization, are likely mechanical weathering processes. Significant presence of salt 
on channel margins suggested that there was a high dissolved content of salts in the 
creek. While the observed salt would be from evaporation of water and subsequent 
crystallization on the bedrock surface, any water infiltrating into the channel margins 
during higher flow conditions may result in salt crystallization within the rocks. Repeated 
dissolution and re-crystallization of salts in the rock would cause expansion within the 
rock and cause a decrease in rock strength. Among the creeks in this study, this process is 
likely exclusive to Onion Creek. 
West Coyote Creek also shows trends of decreasing compressive strength with 
height above the channel. The broad, shallow bedrock exposure here represents a 
southern-facing margin of river right. The rebound values at this channel decreased by 
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20% with height and showed a doubling of standard deviation (Figure 14). Somewhat 
lower rebound values near the channel are likely a reflection of the higher moisture 
content in the porous sandstone. In the arid Utah climate freeze-thaw is not likely, but 
other physical weathering processes such as wetting-drying and thermal expansion may 
be occurring along this transect. 
The final two channels, from the humid, non-snowmelt dominated climate of 
Virginia, show very little to no change with height, independent of lithology. This lack of 
variability in rebound values with height may be the result of the sampling method used. 
Extending along transects that were 20 meters long and parallel to the waterline, this data 
may better represent bedrock characteristics at the reach scale. At Bottom Creek, the 
stream-parallel transects extended over faces oriented differently relative to the flow. 
Bottom Creek data did provide evidence that biological growth on the surface of the 
bedrock may be important, since the average compressive strength decreased by as much 
as 20% under moss. 
Chemical Rock Properties 
 In considering the bulk chemistry of our samples, it should be noted that no 
analysis was done on samples of known fresh bedrock for comparison. This means values 
can only be compared to one another and to data from previous studies in order to make 
analyzing the extent of chemical weathering. Most of the indices used were developed 
with the purpose of analysis of weathering of metamorphic or igneous rocks, so there is 
no comparison for the sedimentary rocks, such as at Onion Creek T2. For the purpose of 
comparison, the Chemical Index of Alteration has been shown to produce values from 45 
– 55 for fresh granites, while kaolinite will have values near 100 (Nesbitt and Young, 
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1982). The Weathering Index of Parker values on a metamorphic saprolite profile can 
vary greatly from 2,500 – 8,500 index points (Price and Velbel, 2003), and fresh granite 
bedrock can have values as high as 10,000 (Parker, 1970). 
Complete analysis of bedrock bulk chemistry was conducted on only one alpine 
channel (CRT1) and one arid channel (OCT2). While chemical weathering is usually 
more extreme in humid climates, Crystal River T1 did not show strong evidence for the 
chemical weathering of the bedrock. This conclusion is based on various indices of 
weathering. The trends of the four weathering indices with bulk density (an independent 
measure weathering progress) are not consistent and do not trend appropriately according 
to the Price and Velbel (2003) assessment (Figure 17). Additionally, the CIA values at 
the surface are only slightly higher than fresh granite values of other studies, which could 
also simply be a result of lithology. Even though the Weathering Index of Parker was 
developed with the intent of being able to compare different rock types and weathering 
profiles (Parker, 1970), the WIP values for the very hard, intact CRT1 granite are within 
the range of values found for saprolites in the Price and Velbel (2003) study. This 
suggests that values may not be reliably comparable to other studies that used the WIP.  
At CRT1, the surface of cored pt. 50 displayed advanced weathering with some 
indices, but with other indices appeared to significantly unweathered compared to all 
other points. The bulk chemistry and core photos (Appendix A, C) at that point suggest 
the anomalous results were more likely due to inherent mineralogy of the heterogeneous 
granite. Excluding this one point, the variability of WIP values at the surface ranges by 
about 400 index points (Figure 18). When compared to previous studies where decreases 
of around 3,000 index points were observed between fresh and weathered horizons 
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(Parker, 1970), this does not seem to represent a significant variability in the extent of 
weathering along the surface of the transect. Additionally, it is observed that, when 
excluding the outlier of core pt. 50, indices showed little change with depth beneath the 
surface, further indicating lack of variability in weathering in the rock (Figure 20). 
Therefore, when compared to both values of other studies and relative to values along the 
transect, it does not appear there is any significant variability in chemical weathering 
along the channel transect of Crystal River T1. Any variations may simply reflect minor 
heterogeneity of the rock, exemplified by the surface of pt. 50. 
In contrast, Onion Creek T2 showed some evidence for variability of chemical 
weathering, however because it is sandstone none of the previous studies in which to 
compare expected index values of weathered bedrock. Different indices suggest different 
extents of weathering, but the WIP, CIA, and CIW all indicate that the surface at pt. 37, 
just above the perennial low-flow on river right, is somewhat more weathered than all 
other points in the channel. Overall, the CIA values for OCT1 are low on the index scale, 
potentially indicating a small development of clays, but considering the dry climate and 
the silica rich lithology, clay development is uncertain. However, if pt. 37 is an area of 
the channel with some clay development, it would be consistent with other studies that 
showed this occurring in the area just above perennial low-flow, where there is more 
frequent wetting and drying cycles.  
Another observation made from the results is that with the CIA and CIW indices, 
cores higher on the channel margins showed slightly more chemical weathering at the 
surface than at depth. In comparison, cores in the active thalweg were more weathered at 
depth than at the surface, and the Weathering Index of Parker suggests that all points 
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other than pt. 37 were more weathered at depth than at the surface. In the active thalweg, 
surface values may be less weathered than those at depth because this is where the most 
active erosion is occurring. Stream water that is infiltrating into the subsurface may be 
able to reside and chemically weather the bedrock deeper below the surface where it is 
not being eroded. A potential explanation for points on the margin showing similar 
profiles of increasing weathering below the surface is that any moisture present in the 
rock may evaporate from the surface more quickly than water that infiltrates below the 
surface. By residing at depth longer than at the surface, the water may be able to leach 
elements from the rock or alter the mineralogy. It should be noted that none of the 
weathering profiles with depth below the surface show a high range of values.  
Cumulative Assessment of Weathering Trends  
 At Crystal River T1 there does not appear to be any chemical weathering taking 
place, so the decreasing values and increased variability in rock strength with height are 
due to physical weathering processes. Considering the southern aspect of the channel 
margin, physical weathering processes, such as freeze-thaw or wetting-drying cycles, 
may be catalyzed here by increased solar radiation.  
At the other two Crystal River transects, there is no chemical weathering data, so 
Schmidt hammer trends do not necessarily reflect physical weathering processes. The 
differing trends between the two transects, despite the proximity, similar inundation 
histories, and consistent lithology, shows that variability of weathering is occurring both 
with height in the channel and along meter-scale reaches of the channel. These 
differences may be controlled by the aspect of the two transects, as they differ both with 
respect to the flow and with exposure to solar radiation.  
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 The two Onion Creek transects, which are in the same lithology, show different 
spatial patterns of weathering. Onion Creek T1 is highly exposed and channel margins 
show development of saprolite. No chemical weathering data is available beyond 
abrasion pH, which did not provide much useful data, and our methods for bulk density 
were not adequate for measurements on saprolites. Schmidt hammer values however 
showed that the only readable measurements were on bedrock near the areas of active 
flow or in paleo-thalwegs. This means extremely high rates of sub-aerial weathering are 
occurring at all heights above the perennial low flow.  
This is in contrast to OCT2 where there was no saprolite development and the 
overall rock strength was much higher across the transect. While there don’t appear to be 
high levels of chemical weathering in this transect, it appears there may be slightly higher 
degrees of clay development at heights just above the perennial low-flow. This 
observation is consistent with Schmidt hammer values, which show higher variability of 
data in the lower 0.25 meter of the transect. The rebound values may reflect the 
development of clays, as they would lead to increased expansion during wetting-drying 
cycles and cause deterioration of the rock strength. Additionally, separating the Schmidt 
hammer values of river left and river right shows that the channel aspect may again play a 
control in the extent of weathering. The southern-facing wall of river right displays 
significantly lower rebound values than river left, and without any evidence of 
differential degrees in chemical weathering between the two banks, the role of solar-
generated mechanical weathering may be a significant control on rock strength here. 
West Coyote Creek data shows a strong inverse relationship between height and 
compressive strength of the rock. Even though height does not change dramatically here, 
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rebound values decrease and variability increasing significantly with height. There is no 
chemical weathering data here, but because of the nearly pure silica mineralogy, it isn’t 
expected to be significant. This transect is highly exposed and faces southward, providing 
lots of solar exposure. WCC and OCT1 are both channels that exhibit significant 
increases in weathering with height and have broad cross-sectional geometries. They are 
also both located in areas of more exposed topography, which may present evidence that 
lateral bedrock channel erosion due to increased weathering on channel margins may in 
fact be reflected in adjacent hillslopes.  
The final two Virginia transects do not show change in Schmidt hammer values 
with height, but this is likely a reflection of field methods. The stream-parallel transects 
may be masking the smaller scales of spatial variability along the reach, such as seen at 
Crystal River T2 and T3. This may be why at both channels the range of Schmidt 
hammer values is so much wider than at all other channels. In terms of chemical 
weathering data, cores at Buffalo River were analyzed by abrasion pH, and this is the 
only creek where abrasion pH showed any spatially related trends with height. Field 
evidence suggests potentially advanced weathering near the waterline, and this is where 
pH values were most acidic. This suggests that in a limestone bedrock channel, if 
dissolution is the main process of chemical weathering, then it may be greatest near the 
waterline. The buffering ability is likely diminished as calcium carbonate is removed 
from the rock by stream water. 
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Conclusions 
In accordance with the original hypothesis, five out of the six channels sampled 
under the revised field methods showed significant trends for decreasing rock strength 
and increasing variability as a function of height above the channel. Chemical weathering 
was not found to be significant in either the arid or subalpine channel analyzed, so 
assessing trends of chemical weathering with height proved difficult. Sub-aerial 
weathering processes, whether chemical or mechanical, above perennial low-flow will 
degrade the rock strength on channel margins, and will cause large increases in the 
erodibility of the bedrock (Sklar and Dietrich, 2001). 
Similar to the small-scale variations of erosion in bedrock channels, weathering 
also varies across the cross-section of a bedrock channel. These spatial variations are 
produced by the combined effect of weathering and erosional processes in the channel. 
Weathering is not evident on those areas beneath the perennial low-flow, but on channel 
margins, weathering increases as a function of height because the rock is sub-aerially 
exposed for longer periods of time and is less frequently eroded. These spatial patterns of 
weathering will then be reflected in the long-term spatial patterns of erosion with the 
occurrence of high-flow events. The importance of weathering on spatially variable 
patterns of bedrock channel erosion will depend on substrate lithology, climate, and 
potentially solar exposure. 
An unexpected finding in the course of this research is the potential for the aspect 
of channel margins to play a role in the degree of weathering. In transects where 
weathering profiles differed, but all other factors were equal, the aspect relative to the 
solar exposure was the only observed difference. Southern facing banks had significantly 
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lower rock strength than the opposing bank facing north, and this difference in solar-
generated physical weathering across a channel cross-section would lead to asymmetrical 
lateral erosion. It is also possible for variations in the aspect along a channel wall to 
change fluid hydraulics during high flow events, which would result in more effective 
removal of weathered material on some areas of the channel bank. The aspect of bedrock 
channel margins, whether relative to the sun or the flow direction, is a contributing factor 
in spatial variations of weathering both across the channel cross-section and along the 
reach of the stream. 
Intense chemical weathering is typically associated with warmer, wetter 
environments (Nesbitt and Young, 1982), and Montgomery (2004) suggests that in arid 
regions, such as the American Southwest, climate conditions are unfavorable for sub-
aerial weathering in bedrock channels. However, the spatial variability of physical rock 
properties did not vary greatly between the channels in arid and humid climates. Both 
regions showed decreases in compressive strength ranging from 20-45% with height, and 
only in the arid climate was saprolite development observed. Therefore, it is proposed 
that within arid channels (particularly perennial) there could be a microclimate with 
warm, ambient temperatures and sufficient moisture provided by the channel to drive 
bedrock weathering. This would explain how bedrock channels are equally, if not more, 
capable of weathering their banks, even in traditionally unfavorable climates for 
weathering. 
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Future Considerations 
 The results of this research show that future investigations of bedrock channel 
weathering needs to consider more spatial parameters than just the height above the 
channel. Crystal River, Bottom Creek and Buffalo River results suggest that a preferred 
sampling method would employ multiple vertical transects along a single reach of river, 
where flow conditions and lithology do not vary. Thoughtful selection of future transects 
might allow for more extensive considerations of the control of transect orientation with 
respect to possible flow conditions and solar exposure. 
 The updated methodology used in this research proved more useful in observing 
spatial trends with respect to height than previous methods, but it did not allow for 
consideration of other variables that control bedrock properties at any given height. Other 
potential factors controlling the extent of weathering could include vegetation or 
sediment cover, and the potential for such effects were observed on moss-covered 
bedrock at Bottom Creek. In order to observe variations between covered points and bare 
bedrock, while still controlling the height above the channel, it may prove useful to lay 
out grids of sampling points, rather than simple linear transects. This would provide 
greater data density and eliminate effort spent trying to ensure random sampling at any 
given height. 
It would be also beneficial to see how well the chemical weathering indices 
function in other channels, especially where chemical weathering may be more 
substantial. Abrasion pH did not prove to be a very useful index in bedrock channels. 
Differences in the pH did not seem to be related to the spatial orientation in the channel 
except at Buffalo River, where values did not likely represent what the index intended. 
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Appendix A: Core Photos 
 
1. Crystal River T1 – Marble, CO – Granite 
 
Crystal River T1 – Point 0: Left represents core surface 
 
 
Crystal River T1 – Point 15: Left represents core surface 
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Crystal River T1 – Point 30: Left represents core surface 
 
 
 
 
 
 
Crystal River T1 – Point 50: Left represents core surface 
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2. Onion Creek T1 – Moab, UT – Cutler Formation (Arkosic SS) 
 
Onion Creek T1 – Point A: Left represents core surface 
 
 
 
 
Onion Creek T1 – Point B: Left represents core surface - saprolitic 
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Onion Creek T1 – Point C: Left represents core surface - saprolitic 
 
 
 
 
3. Onion Creek T2 – Moab, UT – Cutler Formation (Arkosic SS) 
 
Onion Creek T2 – Point 6: Left represents core surface 
 
  86 
Onion Creek T2 – Point 37: Left represents core surface 
 
 
 
 
 
 
Onion Creek T2 – Point 50: Left represents core surface 
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Onion Creek T2 – Point 85: Left represents core surface 
 
 
 
 
 
 
Onion Creek T2 – Point 110: Left represents core surface 
 
  88 
4. West Coyote Creek- La Sal Junction, UT- Navajo SS 
 
West Coyote Creek – Point 10: Left represents core surface 
 
 
 
 
West Coyote Creek – Point 30: Left represents core surface 
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West Coyote Creek – Point 40: Left represents core surface 
 
 
 
 
 
 
West Coyote Creek – Point 60: Left represents core surface 
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West Coyote Creek – Point 70: Left represents core surface 
 
 
 
 
 
 
West Coyote Creek – Point 91: Left represents core surface 
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West Coyote Creek – Point 110: Left represents core surface 
 
 
 
 
5. Buffalo River- Murat, VA- Beekmanstown Group Limestone 
 
Buffalo River – Core from transect 1: Left represents core surface 
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Buffalo River – Core from transect 2: Left represents core surface 
 
 
 
 
 
 
Buffalo River – Core from transect 2: Left represents core surface 
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Appendix B: Topographic Maps of Field Sites 
 
1. Crystal River T1- East of Marble, CO along Country Rd. 3 
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2. Crystal River T2 & T3 – South of Redstone, CO along CO Rt. 133 
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3. Onion Creek T1 & T2 – Northeast of Moab, UT along Onion Creek Rd. 
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4. West Coyote Creek – South of La Sal Junction, UT along Looking Glass Rd. 
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5. Bottom Creek – Northwest of Copper Hill, VA off of State Rt. 669 
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6. Buffalo River- West of Murat, VA along Collierstown Rd (VA 251) 
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Appendix C: Transect Survey, Schmidt Hammer and Chemistry Data 
 
I. Survey and Schmidt Hammer Data 
 
Crystal River T1 
 
Distance Along 
Transect (m) Elevation (m) R- Value 
Distance Along 
Transect (m) Elevation (m) R- Value 
0 0 79 4.0575 1.0775 51.5 
0.10017 0.019823 60.5 4.0634 1.1421 21.5 
0.20599 0.071113 69 4.1947 1.1948 36.5 
0.29658 0.026317 53.5 4.3099 1.1959 43.5 
0.35871 0.055157 66.5 4.3955 1.2775 65.5 
0.43749 0.088585 69 6.4603 3.2657 66.5 
0.52794 0.11815 59.5 6.5217 3.3962 20 
0.63964 0.15195 62 6.5296 3.4415 61 
0.73849 0.14492 71 6.5994 3.639 69 
1.009 0.097975 61.5 6.6173 3.7239 48.5 
1.053 0.3494 68.5 6.6315 3.8611 48 
1.0712 0.44821 76.5 6.6741 3.98525 71 
1.1236 0.4895 76 6.6952 4.1094 47.5 
1.2446 0.51309 79.5 6.7179 4.224 77 
1.3536 0.54236 78.5 6.7225 4.3123 20.5 
1.4225 0.53916 70 6.8042 4.448 42.5 
1.5037 0.58847 77 6.8137 4.4999 68 
1.6409 0.62961 74 6.8893 4.612 53.5 
1.6829 0.63088 81.5 6.9246 4.6879 42.5 
1.8307 0.655 81    
1.9195 0.68354 62.5    
1.9989 0.68939 64.5    
2.1062 0.7249 46.5    
2.2169 0.73482 73.5    
2.2931 0.76138 60    
2.4163 0.73594 74    
2.5196 0.77743 50    
2.7074 0.81074 54.5    
2.7942 0.8185 54.5    
2.8775 0.86123 65    
3.0041 0.87955 67.5    
3.0754 0.91142 57.5    
3.1476 0.920215 71    
3.2939 0.92901 60.5    
3.3422 0.94657 65.5    
3.4529 0.94735 48    
3.5659 0.99435 55    
3.6435 0.98725 45    
3.7534 1.0254 65.5    
3.9327 1.0828 48    
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Crystal River T2 
 
Distance Along 
Transect (m) Elevation (m) R- Value 
0 0 36.7 
0.29034 0.055632 40.0 
0.29214 0.092036 35.5 
0.39214 0.094106 31.2 
0.53234 0.132185 23.8 
0.58763 0.129647 41.2 
0.66132 0.125886 57.7 
0.84242 0.167698 49.8 
1.06751 0.161377 50.2 
1.29326 0.19785 36.5 
1.43164 0.295844 30.3 
1.43264 0.272039 40.8 
1.57854 0.35806 34.5 
1.70804 0.29393 24.5 
1.70904 0.46 31.7 
1.90084 0.531993 43.2 
2.00064 0.568299 46.5 
2.06134 0.527123 44.8 
2.19024 0.56862 18.3 
2.24504 0.650736 37.0 
2.34504 0.665269 37.7 
2.400352 0.670426 43.7 
2.47529 0.747588 36.7 
2.52324 0.822138 56.5 
2.6539 0.907552 37.8 
2.67942 0.94 54.5 
2.79128 1.051878 38.8 
2.82191 1.114283 41.0 
2.92067 1.21491 36.0 
2.97928 1.305424 41.3 
3.07015 1.417915 38.8 
3.1557 1.456049 36.0 
3.2547 1.547636 45.8 
3.38834 1.590292 45.8 
3.42904 1.669237 42.7 
3.46854 1.720215 41.0 
3.57104 1.804793 41.7 
3.65164 1.851087 41.8 
3.68314 1.923451 52.8 
3.72824 1.959876 33.8 
3.75254 2.038594 39.0 
3.76404 2.090816 44.2 
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Crystal River T3 
 
Distance Along 
Transect (m) Elevation (m) R- Value 
0 0 36.7 
0.077965 0.056139 49.8 
0.14093 0.12346 41.7 
0.25213 0.23737 45.5 
0.30845 0.35158 47.0 
0.39825 0.40965 41.3 
0.43876 0.46494 40.7 
0.53117 0.55883 43.2 
0.59969 0.61276 41.7 
0.65004 0.69423 42.8 
0.7512 0.82899 44.2 
0.81712 0.82947 39.7 
0.88848 0.94496 37.7 
0.95963 1.0175 29.0 
1.0159 1.0511 38.3 
1.1126 1.0774 36.3 
1.1635 1.1798 18.8 
1.2211 1.2724 22.2 
1.2855 1.3758 23.3 
1.3053 1.4642 35.3 
1.3315 1.5242 28.8 
1.3699 1.6205 26.3 
1.4077 1.6998 26.2 
1.5015 1.8653 17.7 
1.5082 1.7875 21.3 
1.7569 1.9559 27.8 
1.7997 2.1033 26.8 
1.8213 2.0248 24.7 
1.8937 2.1778 18.5 
1.9477 2.2342 20.2 
2.0017 2.2342 38.0 
 
  102 
Onion Creek T1 
 
Distance Along 
Transect (m) Elevation (m) R- Value 
Distance Along 
Transect (m) Elevation (m) R- Value 
0 0.3156 0 4.1168 0.10695 22.5 
0.12343 0.30554 0 4.2504 0.11083 22.5 
0.20416 0.29461 0 4.3302 0.12082 33.5 
0.29322 0.27896 0 4.4235 0.059819 34.5 
0.38106 0.24083 0 4.5725 0.11067 30.5 
0.51946 0.21518 0 4.6473 0.11111 16 
0.61961 0.19706 0 4.7312 0.10587 15.5 
0.68887 0.1961 22 4.8867 0.10408 24 
0.79522 0.19447 16   24 
0.90737 0.17082 0   19.5 
0.9856 0.16109 0   0 
1.0884 0.15982 0   0 
1.2032 0.15812 0   0 
1.2823 0.16754 0 5.3542 0.05862 0 
1.4582 0.14082 19   0 
1.5322 0.076852 0   0 
1.5939 0 19   0 
1.6941 0.024406 28   0 
1.781 0.13015 16   0 
1.8665 0.15198 28 5.7162 0.06019 0 
1.9659 0.15082 23.5   0 
2.0892 0.15418 26.5 5.8975 0.12087 0 
2.1693 0.14954 15.5 6.0156 0.13083 0 
2.2797 0.11567 24.5 6.0977 0.14213 0 
2.3512 0.092193 21.5 6.1695 0.15046 0 
2.4822 0.080825 33 6.1795 0.69083 0 
2.8493 0.099524 18.5 6.2745 0.75454 0 
2.9299 0.10062 0 6.3379 0.8026 0 
3.0872 0.15214 0 6.4265 0.84391 0 
3.1681 0.15214 16 6.5305 0.92604 0 
3.2188 0.13083 0 6.6314 0.9876 0 
3.3437 0.15082 0 6.7054 1.0699 0 
3.4607 0.15292 0 6.7371 1.1197 0 
3.5649 0.15377 0 6.8058 1.1629 0 
3.658 0.14899 0 6.8624 1.1984 0 
3.7287 0.14082 18.5 6.9276 1.2558 0 
3.8425 0.14332 16 7.0159 1.3157 0 
3.9241 0.13319 0 7.1182 1.4004 0 
4.0181 0.093343 36.5 7.2465 1.4808 0 
 
* Some points along transect were not surveyed  
* Some points in active flow were not measurable  
* Points below measurable value are marked as 0 R 
 
  103 
Onion Creek T2 
 
Distance Along 
Transect (m) Elevation (m) R- Value 
Distance Along 
Transect (m) Elevation (m) R- Value 
0 1.3259 45.5 3.4912 0.17141 27 
0.029738 1.2633 55.5 3.6095 0.13689 30.5 
0.11613 1.1838 51.5 3.7225 0.16208 31.5 
0.20701 1.1093 53 3.7594 0.21161 48 
0.28115 1.0296 50.5 3.8323 0.19161 38.5 
0.38217 1.0016 51 3.9877 0.17286 50 
0.44395 0.96777 60.5 4.0712 0.189 28.5 
0.56601 0.90682 61 4.2121 0.010491 35 
0.6591 0.86038 44 4.2752 0.037461 47.5 
0.71466 0.86485 44.5 4.3522 0.013743 45 
0.85716 0.84943 42.5 4.4472 0 39 
0.87905 0.86526 50 4.5681 0.009651 42.5 
0.94287 0.82573 47.5 4.6429 0.16294 44 
1.0153 0.81521 35.5 4.7435 0.1459 22 
1.1191 0.79571 41.5 4.8348 0.20161 48 
1.222 0.76161 37 4.9063 0.1614 45 
1.3087 0.70261 42 5.0407 0.18541 35.5 
1.4002 0.64926 49 5.144 0.16002 31.5 
1.4299 0.62042 38.5 5.3024 0.1795 31 
1.5339 0.56812 42 5.3769 0.17516 46.5 
1.6356 0.55659 33 5.4662 0.11973   
1.6957 0.53939 33.5 5.5708 0.091419 39.5 
1.7189 0.53541 37.5 5.6279 0.10097 57.5 
1.8343 0.51703 50.5 5.751 0.13161 46 
1.9022 0.51264 44 5.8498 0.11568 46.5 
1.9762 0.49161 42.5 5.9377 0.11517   
2.0477 0.43385 43 6.0455 0.14617 56.5 
2.1584 0.359 52.5 6.1564 0.041612 59 
2.2535 0.34489 41 6.2674 0.011612 63.5 
2.3123 0.32122 48 6.4098 0.11161 56.5 
2.3762 0.35121 36 6.4702 0.13161 40 
2.482 0.28735 26 6.5387 0.17748 47.5 
2.5897 0.14252 50 6.651 0.17037 56.5 
2.6928 0.13289 17 6.7719 0.17161 38.5 
2.7703 0.025073 57.5 6.8488 0.11468 24.5 
2.8551 0.061612 45.5 6.9437 0.15951 26.5 
2.9551 0.098946 39.5 7.049 0.14988 40 
3.0646 0.10807 42 7.1437 0.16158 43.5 
3.1171 0.045562 18 7.2155 0.17161 34.5 
3.2353 0.052789 35 7.3363 0.10144 43 
3.3655 0.11365 50 7.4766 0.147 48 
 
  104 
Onion Creek T2 Contd. 
 
Distance Along 
Transect (m) Elevation (m) R- Value 
7.5399 0.14851 59.5 
7.6364 0.15422 45 
7.7226 0.19957 34.5 
7.8225 0.21625 30.5 
7.8798 0.21631 21.5 
8.0024 0.23183 28.5 
8.1249 0.23921   
8.2845 0.23161 51.5 
8.3741 0.24435 42.5 
8.4412 0.26667 40.5 
8.5313 0.32358 35 
8.5736 0.3971 47 
8.6847 0.44152 26 
8.7337 0.49419 52.5 
8.8208 0.55281 47 
8.9349 0.6292 51 
9.0584 0.67268 31 
9.172 0.72161 47 
9.2578 0.76032 35 
9.3872 0.85034 50 
9.5077 0.92825 33 
9.5544 0.93818 31.5 
9.6804 1.0609 53 
9.7642 1.0829   
9.8327 1.1671 47 
9.9071 1.2238 27 
10.007 1.2956   
10.118 1.3316 16 
10.205 1.4101 45.5 
10.268 1.4093 47.5 
10.335 1.5286 28 
10.443 1.5522 40 
10.536 1.5972 31.5 
10.583 1.5997 53 
10.666 1.5982 42 
10.694 1.5818 39 
10.737 1.8903   
 
  105 
West Coyote Creek 
 
Distance Along 
Transect (m) Elevation (m) R- Value 
Distance Along 
Transect (m) Elevation (m) R- Value 
0 0   4.395 0.20723 55 
0.16482 0.017309   4.4889 0.21997 57 
0.2374 0.028391 46.5 4.5711 0.37162 49.5 
0.32314 0.041724 43.5 4.6487 0.36561 50.5 
0.42736 0.057052 49.5 4.7455 0.38414 17 
0.52546 0.10924 46.5 4.852 0.39506 45.5 
0.60361 0.12822 43 4.9932 0.3993 18.5 
0.69605 0.13762 52 5.069 0.40611 40.5 
0.77964 0.14445 48 5.1784 0.39833 23 
0.88309 0.14506 52 5.2566 0.40865 44.5 
0.99375 0.14084 45.5 5.3797 0.41639 23.5 
1.0889 0.13253 45.5 5.4338 0.43179 45.5 
1.2095 0.1172 57 5.5548 0.42936 40 
1.2991 0.11658 49.5 5.6962 0.43549 48 
1.3999 0.10636 47.5 5.7727 0.45675 38.5 
1.5112 0.098672 58.5 5.8714 0.46506 42.5 
1.6023 0.10649 48 5.9515 0.48195 25.5 
1.7024 0.11387 56.5 6.0731 0.46073   
1.8103 0.13544 49.5 6.1662 0.45939 55.5 
1.9202 0.15506 56 6.2848 0.44596 66.5 
2.0055 0.16466 51 6.3893 0.49057 33 
2.1301 0.17024 45 6.4899 0.49783 47.5 
2.2343 0.17783 60.5 6.5819 0.48449 44.5 
2.3334 0.18134 55 6.6824 0.45412 32.5 
2.4322 0.18179 55 6.7912 0.45758 30 
2.5122 0.18783 54.5 6.8952 0.40506 48.5 
2.6179 0.19233 54 6.9972 0.44547 56 
2.6776 0.18888 55.5 7.0758 0.43191 62.5 
2.8162 0.1822 52 7.1604 0.42633 50.5 
2.8821 0.17506 55.5 7.2639 0.43171 56 
2.984 0.17506 54 7.4177 0.40083 43.5 
3.0876 0.17359 61.5 7.5033 0.28324 40.5 
3.1775 0.17353 49.5 7.6062 0.40273 45.5 
3.287 0.17405 53 7.6866 0.29226 46 
3.3872 0.17002 49.5 7.8225 0.31284 25.5 
3.4924 0.16305 47.5 7.9045 0.26506 56.5 
3.6013 0.15757 60 8.0093 0.27467 62 
3.6698 0.15757 64 8.1128 0.26421 60 
3.7929 0.16403 65 8.1907 0.27801 58 
3.8927 0.17506 59 8.281 0.27154 37 
4.0113 0.19265 56.5 8.3698 0.28216 53.5 
4.0854 0.20991 55 8.464 0.19928   
4.1872 0.23049 54 8.5725 0.1943   
4.2936 0.21725 57.5 8.6737 0.21203 47 
 
  106 
West Coyote Creek Contd. 
 
Distance Along 
Transect (m) Elevation (m) R- Value 
8.741 0.2109 57.5 
8.8587 0.23506 62.5 
8.976 0.2352 46.5 
9.0692 0.23579 46 
9.1693 0.24514 56 
9.2332 0.26474 57.5 
9.3479 0.25427 54.5 
9.412 0.26932 43.5 
9.5522 0.23889 33 
9.6309 0.23865 32.5 
9.7318 0.24385   
9.8486 0.23506 49 
9.9319 0.23848 42.5 
10.048 0.23836 32 
10.131 0.25621   
10.24 0.28012 23 
10.307 0.31772 27.5 
10.432 0.30734 34 
10.525 0.35728 37 
10.61 0.361 47.5 
10.702 0.37273 59 
10.851 0.37506 61 
10.928 0.37427 52.5 
11.037 0.38738 53 
11.107 0.40981 50 
11.265 0.41006 57.5 
11.328 0.39799 51 
11.446 0.39835 42.5 
11.558 0.40339 47.5 
11.635 0.41026 44 
11.738 0.43687 16 
11.845 0.45506 24.5 
 
  107 
Bottom Creek 
 
Distance Along 
Transect (m) 
Transect 1  
R-Values 
(Height 0 m) 
Transect 2  
R-Values 
(Height 0.35 m) 
Transect 3  
R-Values 
(Height 0.70 m) 
Transect 4  
R-Values 
(Height 1.05 m) 
0 39 48 45 34 
1 56 44.5 35 52 
2 54.5 48 46 NA 
3 50 50 48 41 
4 57.5 45.5 48 42* 
5 62.5 23.5* 48 71 
6 69 55.5 35.5* 51.5 
7 42.5 24 52 41.5 
8 54.5 41.5* 34.5 45.5* 
9 62 51 29 46.5* 
10 70 31 24* 28.5 
11 59 47* 58 21.5* 
12 50.5 53.5* 53.5* 41.5 
13 23 27* 62.5 45.5 
14 55 44.5 30 38.5 
15 58 38.5 39 36.5* 
16 57 39* 42 44.5 
17 70 68.5 67.5 49 
18 40.5 45* 44 61 
19 56.5 35.5 33* 32.5* 
20 39.5 47 36.5 42.5 
 
* Points where moss was present, but cleared for measurement 
  108 
Buffalo River 
 
Distance Along 
Transect (m) 
Transect 1 
R-Values  
(Height 0 m) 
Transect 2  
R-Values  
(Height 0.5 m) 
Transect 3  
R-Values  
(Height 1 m) 
0 42 54 41.5 
0.5 33 NA (Cover) 60.5 
1 45 NA (Cover) 46.5 
1.5 43 NA (Cover) 57.5 
2 42 48 65.5 
2.5 35 NA (Cover) 53 
3 55 52 47 
3.5 40 64.5 19.5 
4 34 NA (Cover) 24.5 
4.5 29 27.5 35 
5 53 59 47.5 
5.5 35 47.5 33.5 
6 31 41 31.5 
6.5 35 49 35.5 
7 54 67 31.5 
7.5 41 60 21.5 
8 64 50.5 38.5 
8.5 35 47.5 54.5 
9 35 53.5 60.5 
9.5 41 57.5 55.5 
10 27 59 42.5 
10.5 41.5 24.5 43 
11 37 39.5 25 
11.5 59 25 72 
12 45 27.5 59.5 
12.5 42.5 NA (Cover) 26.5 
13 33.5 28.5 38.5 
13.5 63.5 19.5 39 
14 52.5 36.5 43 
14.5 21.5 30 52.5 
15 47 47 41.5 
 
  109 
II. Chemical Weathering data 
 
Sample ID 
Approx. 
Point 
Height (m) 
Abrasion 
pH 
Bulk 
Density 
(g/cm3) 
CIA 
Index 
CIW 
Index 
WIP 
Index  
SFE 
Index 
CRT1-0A 0.0000 9.55 2.42 57.9 75.2 2881.5 79.8 
CRT1-0B -0.0120 9.64 2.57         
CRT1-0D -0.0300 9.35 2.46 58.0 74.2 2845.1 74.5 
CRT1-15A 0.5424 9.15 2.53 57.7 74.6 3158.5 68.0 
CRT1-15F 0.4824 9.60 2.62         
CRT1-15K 0.4274 8.96 2.64 58.1 74.5 2952.8 69.2 
CRT1-30A 0.8612 9.23 2.48 58.0 75.8 2804.9 76.2 
CRT1-30G 0.8012 8.89 2.50         
CRT1-30M 0.7362 9.26 2.44 57.2 75.9 3261.8 77.7 
CRT1-50A 3.7239 9.34 2.53 63.6 64.2 2074.1 161.8 
CRT1-50E 3.6839 8.79 2.50         
CRT1-50I 3.6189 8.65 2.48 58.6 74.2 2975.8 95.3 
OCT2-6A 1.5522 9.06 2.37 35.3 38.5 3050.3 20.9 
OCT2-6D 1.5172 9.33 2.10         
OCT2-6G 1.4872 9.14 2.37 34.3 37.4 2933.5 23.3 
OCT2-37A 0.1485 9.19 2.18 42.8 47.7 2626.0 21.2 
OCT2-37E 0.1085 9.32 2.33         
OCT2-37J 0.0585 9.19 2.37 40.6 44.9 2696.4 22.1 
OCT2-50A 0.0116 9.21 2.35 37.7 40.9 2914.8 19.1 
OCT2-50C -0.0084 9.37 2.26         
OCT2-50E -0.0284 9.24 2.33 43.3 47.7 2636.6 19.0 
OCT2-85A 0.0251 8.62 2.39 35.5 39.1 3010.2 22.6 
OCT2-85D -0.0049 9.35 2.38         
OCT2-85F -0.0299 9.38 2.68 36.3 39.9 2940.3 23.2 
OCT2-110A 0.8649 8.41 2.38 34.1 37.0 3092.9 23.7 
OCT2-110D 0.8349 9.42 2.66         
OCT2-110G 0.7999 9.51 2.60 32.5 35.3 3078.9 26.5 
 
  110 
Chemical Weathering Data Contd. 
 
Sample ID 
Approx. 
Point 
Height (m) 
Abrasion 
pH 
OCT1-AA 0.1961 9.41 
OCT1-AB 0.1861 9.49 
OCT1-AD 0.1561 9.55 
OCT1-BA 0.15082 9.47 
OCT1-BB 0.1408 9.48 
OCT1-BC 0.1308 9.51 
OCT1-CA 0.15377 9.32 
OCT1-CC 0.1318 9.30 
OCT1-CE 0.1088 9.39 
BCT1-1 0.0000 9.42 
BCT1-3 -0.0400 9.49 
BCT1-6 -0.1000 9.61 
BCT2-A 0.5000 9.57 
BCT2-G 0.4400 9.64 
BCT2-L 0.3900 9.61 
BCT3-A 1.0000 9.70 
BCT3-G 0.9100 9.77 
BCT3-K 0.8700 9.63 
 
 III. Raw Bulk Chemistry from ICP-MS Analysis 
 
Analyte Symbol SiO2 Al2O3 Fe2O3(T) MnO MgO CaO Na2O K2O TiO2 P2O5 LOI Total 
Unit Symbol % % % % % % % % % % % % 
Detection Limit 0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.001 0.01   0.01 
Analysis Method 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
OCT2 - 6A 62.72 8.19 3 0.096 1.33 11.23 1.87 1.91 0.508 0.11 9.38 100.3 
OCT2 - 6G 62.99 7.59 2.7 0.087 1.32 11.1 1.6 1.86 0.492 0.09 9.66 99.5 
OCT2 - 37A 67.76 8.66 3.19 0.067 1.54 7.64 1.86 2.08 0.55 0.12 6.97 100.4 
OCT2 - 37J 66.79 8.43 3.02 0.069 1.41 8.43 1.93 1.96 0.548 0.13 7.62 100.3 
OCT2 - 50A 62.25 8.55 3.26 0.065 1.29 10.26 2.12 1.75 0.539 0.13 8.87 99.09 
OCT2 - 50E 66.77 8.92 3.52 0.077 1.43 7.5 2.29 1.88 0.586 0.15 6.91 100 
OCT2 - 85A 62.37 7.91 2.76 0.081 1.74 10.65 1.65 2.06 0.486 0.09 9.92 99.71 
OCT2 - 85F 62.94 7.98 2.71 0.084 1.79 10.41 1.59 2 0.49 0.09 9.58 99.66 
OCT2 - 110A 62.15 8.02 2.62 0.088 1.15 11.66 2 1.82 0.462 0.11 9.85 99.93 
OCT2 - 110G 62.78 7.47 2.37 0.096 1.16 11.91 1.78 1.85 0.455 0.1 10.22 100.2 
CRT1 - 0A 77.38 11.61 0.97 0.029 0.07 0.48 3.35 4.62 0.14 < 0.01 0.37 99.02 
CRT1 - 0D 78.21 11.6 1.05 0.037 0.1 0.43 3.6 4.36 0.161 < 0.01 0.82 100.4 
CRT1 - 15A 76.13 12.69 1.12 0.039 0.11 0.54 3.77 4.98 0.174 < 0.01 0.64 100.2 
CRT1 - 15K 76.14 12.04 1.1 0.044 0.12 0.48 3.65 4.57 0.177 0.02 0.39 98.74 
CRT1 - 30A 77.7 11.2 1.02 0.037 0.08 0.3 3.28 4.54 0.126 < 0.01 0.35 98.62 
CRT1 - 30M 76.89 12.59 0.99 0.028 0.06 0.37 3.62 5.42 0.13 < 0.01 0.51 100.6 
CRT1 - 50A 79.28 12.66 0.49 0.012 0.05 0.18 6.87 0.2 0.118 < 0.01 0.35 100.2 
CRT1 - 50I 77.19 12.44 0.81 0.031 0.06 0.4 3.92 4.48 0.135 < 0.01 0.68 100.1 
 
  112 
 
Analyte Symbol Sc Be V Ba Sr Y Zr Cr Co Ni Cu Zn 
Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
Detection Limit 1 1 5 3 2 2 4 20 1 20 10 30 
Analysis Method 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
ICP 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
OCT2 - 6A 8 1 42 635 145 24 372 220 6 < 20 20 50 
OCT2 - 6G 8 1 38 436 123 21 340 180 6 < 20 20 50 
OCT2 - 37A 9 1 38 644 140 23 384 200 7 < 20 20 50 
OCT2 - 37J 8 1 36 684 138 23 420 150 6 < 20 20 50 
OCT2 - 50A 9 1 49 430 148 26 470 230 7 30 10 50 
OCT2 - 50E 9 1 278 1128 175 73 522 210 6 20 20 40 
OCT2 - 85A 7 1 45 364 130 19 224 170 7 < 20 30 70 
OCT2 - 85F 7 1 42 376 130 21 245 170 7 < 20 30 60 
OCT2 - 110A 7 1 293 433 142 22 320 190 5 < 20 20 40 
OCT2 - 110G 7 1 39 398 125 23 285 130 4 < 20 20 40 
CRT1 - 0A 2 6 < 5 76 20 25 101 310 4 < 20 < 10 < 30 
CRT1 - 0D 3 6 < 5 61 19 26 120 370 3 < 20 < 10 < 30 
CRT1 - 15A 3 6 < 5 132 36 33 140 500 2 < 20 < 10 < 30 
CRT1 - 15K 3 6 6 75 24 28 144 240 2 < 20 < 10 30 
CRT1 - 30A 3 6 < 5 53 17 19 104 460 1 < 20 < 10 < 30 
CRT1 - 30M 2 6 < 5 92 24 25 93 410 1 < 20 < 10 < 30 
CRT1 - 50A 2 4 < 5 14 45 20 83 420 1 < 20 < 10 < 30 
CRT1 - 50I 2 5 < 5 50 19 24 101 270 < 1 < 20 < 10 < 30 
 
  113 
 
Analyte Symbol Ga Ge As Rb Nb Mo Ag In Sn Sb Cs La 
Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
Detection Limit 1 1 5 2 1 2 0.5 0.2 1 0.5 0.5 0.1 
Analysis Method 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
OCT2 - 6A 10 2 < 5 54 11 < 2 1.4 < 0.2 3 < 0.5 2.3 35.4 
OCT2 - 6G 9 1 < 5 54 9 < 2 1.2 < 0.2 3 0.6 2.2 31 
OCT2 - 37A 11 2 < 5 60 10 < 2 1.3 < 0.2 3 < 0.5 2.7 27.9 
OCT2 - 37J 10 1 < 5 55 11 < 2 1.5 < 0.2 3 < 0.5 2.3 31.8 
OCT2 - 50A 9 1 < 5 48 10 3 1.6 < 0.2 4 1 2.1 35.1 
OCT2 - 50E 11 2 6 46 10 2 1 < 0.2 1 < 0.5 1.9 118 
OCT2 - 85A 10 1 < 5 61 10 < 2 0.8 < 0.2 3 < 0.5 2.8 26.9 
OCT2 - 85F 10 1 < 5 62 10 < 2 0.8 < 0.2 3 < 0.5 2.9 26.7 
OCT2 - 110A 9 1 < 5 51 8 < 2 1.1 < 0.2 3 < 0.5 2.3 33.3 
OCT2 - 110G 9 1 < 5 50 8 < 2 1 < 0.2 3 < 0.5 2.1 31.1 
CRT1 - 0A 18 2 < 5 232 38 5 < 0.5 < 0.2 7 < 0.5 4.1 23.3 
CRT1 - 0D 18 2 < 5 206 43 5 < 0.5 < 0.2 7 < 0.5 3.8 33.2 
CRT1 - 15A 21 2 < 5 268 45 7 < 0.5 < 0.2 7 < 0.5 5.2 73 
CRT1 - 15K 18 2 < 5 253 43 4 < 0.5 < 0.2 8 0.9 6.1 45.7 
CRT1 - 30A 18 2 < 5 244 47 7 < 0.5 < 0.2 5 < 0.5 4.5 24.2 
CRT1 - 30M 18 2 < 5 257 39 8 < 0.5 < 0.2 5 < 0.5 4.2 19.9 
CRT1 - 50A 20 1 < 5 12 58 6 < 0.5 < 0.2 6 < 0.5 < 0.5 46.6 
CRT1 - 50I 19 2 < 5 229 46 4 < 0.5 < 0.2 7 < 0.5 3.9 29 
 
  114 
 
Analyte Symbol Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb 
Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
Detection Limit 0.1 0.05 0.1 0.1 0.05 0.1 0.1 0.1 0.1 0.1 0.05 0.1 
Analysis Method 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
OCT2 - 6A 59.1 6.82 24.7 4.9 0.92 4.1 0.7 4 0.8 2.4 0.39 2.6 
OCT2 - 6G 52.2 5.97 21.4 4.2 0.78 3.6 0.6 3.6 0.7 2.1 0.35 2.4 
OCT2 - 37A 47.2 5.34 19.2 3.9 0.75 3.4 0.6 3.5 0.7 2.3 0.38 2.7 
OCT2 - 37J 52.4 5.86 20.9 4.1 0.81 3.7 0.6 3.7 0.8 2.4 0.41 2.8 
OCT2 - 50A 63.5 7.61 27.2 5.3 1.02 4.6 0.8 4.6 0.9 2.9 0.46 3.1 
OCT2 - 50E 308 44.3 177 36.1 6.39 27.4 4 19.4 3.2 7.5 0.87 4.7 
OCT2 - 85A 51.1 6.07 21.9 4.4 0.86 3.7 0.6 3.4 0.7 2 0.31 2 
OCT2 - 85F 48.5 5.83 21.1 4.2 0.83 3.6 0.6 3.5 0.7 2.1 0.34 2.2 
OCT2 - 110A 59.3 7.19 26 5.1 0.96 4.3 0.7 3.9 0.8 2.2 0.35 2.2 
OCT2 - 110G 52.9 6.48 23.1 4.7 0.88 3.8 0.6 3.8 0.8 2.3 0.36 2.4 
CRT1 - 0A 37.7 3.66 11.4 2.3 0.23 2.3 0.4 3.2 0.7 2.5 0.48 3.4 
CRT1 - 0D 58.1 5.67 16.8 3.1 0.23 2.7 0.5 3.4 0.8 2.5 0.48 3.5 
CRT1 - 15A 135 13.9 42 7.3 0.43 5.1 0.9 5.2 1.1 3.4 0.63 4.3 
CRT1 - 15K 82.6 8.53 24.7 4.6 0.31 3.8 0.7 4.4 0.9 3 0.56 3.8 
CRT1 - 30A 42.1 3.91 11.5 2.3 0.18 2.1 0.4 2.7 0.6 2.1 0.41 3 
CRT1 - 30M 32.3 3.16 9.7 2.1 0.26 2.2 0.4 3.1 0.7 2.4 0.47 3.4 
CRT1 - 50A 83.1 7.71 21.2 3.4 0.19 2.4 0.4 2.7 0.6 2 0.37 2.7 
CRT1 - 50I 46.7 4.44 12.7 2.4 0.19 2.1 0.4 3 0.7 2.4 0.48 3.5 
 
  115 
 
Analyte Symbol Lu Hf Ta W Tl Pb Bi Th U 
Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm 
Detection Limit 0.04 0.2 0.1 1 0.1 5 0.4 0.1 0.1 
Analysis Method 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
FUS-
MS 
OCT2 - 6A 0.38 10.4 0.8 < 1 0.2 19 < 0.4 7.8 2.5 
OCT2 - 6G 0.35 9.5 0.7 < 1 0.2 18 < 0.4 7.5 2.5 
OCT2 - 37A 0.4 10.5 0.8 < 1 0.3 20 < 0.4 7.7 2.5 
OCT2 - 37J 0.43 11.7 0.8 < 1 0.2 20 < 0.4 8.4 2.7 
OCT2 - 50A 0.46 12.6 0.7 1 0.2 20 0.8 9.8 3.1 
OCT2 - 50E 0.6 14.2 0.7 < 1 0.2 21 < 0.4 9.5 3 
OCT2 - 85A 0.3 6.2 0.7 < 1 0.2 13 < 0.4 5.9 2.4 
OCT2 - 85F 0.33 7 0.7 < 1 0.3 13 < 0.4 6.2 2.5 
OCT2 - 110A 0.36 8.8 0.6 < 1 0.2 15 < 0.4 6.4 2.3 
OCT2 - 110G 0.34 7.9 0.6 < 1 0.2 15 < 0.4 6.5 2.3 
CRT1 - 0A 0.53 4.9 3 < 1 0.9 25 < 0.4 35.9 7.5 
CRT1 - 0D 0.54 5.3 3.4 < 1 0.8 23 1.1 29.2 7.8 
CRT1 - 15A 0.63 5.6 3.5 < 1 1 24 < 0.4 36.5 8.1 
CRT1 - 15K 0.55 5.7 3.5 2 0.9 26 < 0.4 34.1 10.1 
CRT1 - 30A 0.46 5 4.6 < 1 0.9 24 < 0.4 33.6 12.5 
CRT1 - 30M 0.51 4.3 3 < 1 1 27 < 0.4 37.1 8.3 
CRT1 - 50A 0.4 4.1 5.1 < 1 < 0.1 < 5 < 0.4 29.1 6.8 
CRT1 - 50I 0.54 4.8 3.4 2 0.8 25 < 0.4 38.2 5.7 
     
